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Abstract 

Based on long-term tide gauge observations in the last 60 years, the temporal and spatial variation characteristics 
of sea level change along the coast of China are analyzed. The results indicate that the sea level along the coast of 
China has been rising at an increasing rate, with an estimated acceleration of 0.07 mm/a2. The rise rates were 
2.4 mm/a, 3.4 mm/a and 3.9 mm/a during 1960–2020, 1980–2020 and 1993–2020, respectively. In the last 40 years, 
the coastal sea level has risen fastest in the South China Sea and slowest in the Yellow Sea. Seasonal sea levels all 
show an upward trend but rise faster in winter and spring and slower in autumn. Sea level change along the coast 
of China has significant periodic oscillations of quasi-2 a, 4 a, 7 a, 11 a, quasi-19 a and 30–50 a, among which the 2–3 a, 11 a, 
and 30–50 a signals are most remarkable, and the amplitude is approximately 1–2 cm. The coastal sea level in the 
most recent decade reached its highest value in the last 60 years. The decadal sea level from 2010 to 2019 was 
approximately 133 mm higher than the average of 1960–1969. Empirical orthogonal function analysis indicates 
that China’s coastal sea level has been changing in a north-south anti-phase pattern, with Pingtan and Fujian as 
the demarcation areas. This difference was especially obvious during 1980–1983, 1995–1997 and 2011–2013. The 
coastal sea level was the highest in 2016, and this extreme sea level event was analyzed to be related mainly to the 
anomalous wind field and ENSO. 
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1 Introduction 
Affected by anthropogenic activities and natural factors, the 

world is experiencing changes characterized by warming over the 
past 100 years (WMO, 2019; Cook et al., 2016; IPCC, 2014). Ocean 
warming and thermal expansion, mass loss from ice sheets and 
glaciers, and terrestrial water storage fluxes have led to continu-
ous global sea level rise (IPCC, 2014, 2019). Proxy and instru-
mental sea level data indicate a transition in the late 19th cen-
tury to the early 20th century from a relatively slow rise over the 
previous two millennia to a faster rise rate. The rise rate of the 
global mean sea level (GMSL) was 1.7 mm/a during 1901–2010, 
2.0 mm/a during 1971–2010, and 3.2 mm/a during 1993–2010 
(IPCC, 2014). From 1993 to 2019, the rise rate of the GMSL was 
(3.24±0.3) mm/a. In 2019, the GMSL continued to rise, reaching 
its highest since the beginning of the high-precision altimetry re-
cord (WMO, 2020). 
In step with the GMSL, China’s coastal sea level has contin-

ued to be high in recent years. During 1993–2019, the sea level 
rise rate along the coast of China was 3.9 mm/a, higher than the 
global mean (MNR, 2020; WMO, 2020). Moreover, the frequency 
of seasonal to annual sea level anomalies and the extreme sea 
level have all increased significantly. Sea level rise along the coast 
of China is mainly contributed by global sea level rise, regional 
hydrogeological and meteorological changes (Cai, 2010; Gao et 
al., 2016; Gregory et al., 2001; Ablain et al., 2017; Willis et al., 
2008), and vertical land movement in coastal areas (Liu et al., 
2015). Many previous studies have focused on determining glob-
al mean geocentric rates of change (also referred to as “absolute” 
changes), and to date, most coastal risk assessments have been 
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undertaken using global-average projections of geocentric sea 
level rise (SLR). However, from a coastal management and plan-
ning perspective, regional or local relative sea level changes (i.e., 
changes relative to the level of the land) are important (Wahl et 
al., 2013; Nicholls et al., 2011; Nicholls and Cazenave, 2010). Ad-
ditionally, the occurrence of ENSO will affect the activities of the 
East Asian monsoon through processes such as atmospheric tele-
connection (Cai and Su, 2018), thus affecting sea level changes 
along the coast of China. China has a continental coastline of 
over 18 000 km with a dense economy and population (Zhang 
and Ouyang, 2019) as well as spatially diverse marine climate 
change features (Fan and Li, 2006). The accelerated rise in 
coastal sea level and extreme sea level events may have major 
impacts on the social and natural ecological environment in 
Chinese coastal areas, resulting in tidal flat loss, lowland inunda-
tion and ecological environment damage, as well as disasters 
such as storm surges and floods in coastal cities (Gregory et al., 
2001; Hamilton, 2005; Fan and Li, 2006; McGranahan et al., 2007; 
Cai et al., 2009; Arnell and Lloyd-Hughes, 2014; Le Cozannet et 
al., 2014; Gao et al., 2014; Zhao et al., 2014; Fang et al., 2017; Liu 
et al., 2019; Li et al., 2019). Coastal communities are increasingly 
aware of the threats and serious challenges of sea level rise and 
the importance and urgency of taking common measures to re-
duce and prevent climate risks (Addo, 2013; Barbier, 2015; Cui et 
al., 2015; Hereher, 2015; Gutiérrez et al., 2016). 
In recent years, several studies have been conducted focus-

ing on coastal sea level changes in the China seas (Qu et al., 2019; 
Chen et al., 2018; Cheng et al., 2016). However, due to the limited 
tide gauge data and the discontinuous, limited up-to-date and 
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possible uniformity of datasets, the spatial and temporal charac-
teristics of sea level change along the coast of China may not be 
fully described. In this paper, long-term tide observation data 
from the China Ocean Observatory Network were used to com-
prehensively analyze the long-term trend, significant period and 
regional variation characteristics of coastal sea level change, as 
well as the extreme sea level events along the coast of China over 
the last 60 years. To eliminate in-homogenization of sea level 
data, multiple intensive quality controls were conducted, includ-
ing datum plane unification, short-term missing data interpola-
tion, and long-term sequence uniformity correction. 

2 Materials and methodology 

2.1 Sea level data 
The sea level data come from the National Ocean Observat-

ory Network of China. A total of 42 tide gauges with uniform sta-
tion distribution, long observation time, good representativeness 
and continuous data were selected and recorded from January 
1960 to December 2019. Multiple quality controls were conduc-
ted, including datum plane unification, short-term missing data 
interpolation, and long-term sequence uniformity correction 
(Wang et al., 2013). The details of the stations used are shown in 
Tables 1 and 2. Here, we attempt to improve the understanding 
of coastal relative sea level rise using a sufficiently uniform and 

Table 1. Full names of the tide gauge stations 
Name Abbr. Name Abbr. Name Abbr. 

Bayuquan 

Huludao 

Zhimaowan 

Qinhuangdao 

Tanggu 

Longkou 

Xiaochangshan 

Laohutan 

Yantai 

Penglai 

Chengshantou 

Qianliyan 

Xiaomaidao 

Wumatou 

BYQ 

HLD 

ZMW 

QHD 

TGU 

LKO 

XCS 

LHT 

YTI 

PLI 

CST 

QLY 

XMD 

WMT 

Rizhao 

Lianyungang 

Lvsi 

Dajishan 

Tanxu 

Shengshan 

Changtu 

Zhenhai 

Shipu 

Dachen 

Kanmen 

Sansha 

Pingtan 

Xiamen 

RZH 

LYG 

LSI 

DJS 

TXU 

SSH 

CTU 

ZHI 

SPU 

DCN 

KMN 

SSA 

PTN 

XMN 

Dongshan 

Yunwo 

Shanwei 

Chiwan 

Dawanshan 

Zhapo 

Naozhou 

Beihai 

Fangchenggang 

Weizhou 

Haikou 

Qinlan 

Sanya 

Dongfang 

DSN 

YWO 

SWI 

CWN 

DWS 

ZPO 

NZU 

BHI 

FCN 

WZU 

HKO 

QLN 

SYA 

DFG 

Table 2. Availability and time length of tide gauge stations used 
in the present study 
Station Duration Station Duration Station Duration 

BYQ 

HLD 

ZMW 

QHD 

TGU 

LKO 

XCS 

LHT 

YTI 

PLI 

CST 

QLY 

XMD 

WMT 

1980–2020 

1961–2020 

1983–2020 

1965–2020 

1960–2020 

1963–2020 

1980–2020 

1980–2020 

1960–2020 

2000–2020 

1981–2020 

1990–2020 

1990–2020 

2000–2020 

RZH 

LYG 

LSI 

DJS 

TXU 

SSH 

CTU 

ZHI 

SPU 

DCN 

KMN 

SSA 

PTN 

XMN 

1968–2020 

1960–2020 

1976–2020 

1978–2020 

1978–2020 

2000–2020 

1960–2020 

1966–2020 

2000–2020 

1980–2020 

1960–2020 

1964–2020 

1967–2020 

1960–2020 

DSN 

YWO 

SWI 

CWN 

DWS 

ZPO 

NZU 

BHI 

FCN 

WZU 

HKO 

QLN 

SYA 

DFG 

1960–2020 

1993–2020 

1971–2020 

1986–2020 

1984–2020 

1960–2020 

1960–2020 

1967–2020 

2000–2020 

1964–2020 

1976–2020 

1977–2020 

2000–2020 

1965–2020 

spatially intensive dataset. The year 1993–2011 was defined as the 
baseline period, considering the 19 a oscillation period of sea 
level. 

2.2 Methods 

2.2.1 Statistical methods 
Harmonic analysis was used to estimate the linear trend of 

sea level change. The equation used for the computation is as fol-
lows: 

H(t) = a+ bt+
L∑

j=

hj cos(σjt− θj), (1)

where a is the multiyear average sea level, b represents the rate of 
sea level change, L is the number of long-period signals, 

θj

hj , 
and 

σj
are the amplitude, angular velocity, and phase of the jth 

major long-period signal, respectively. 
Empirical orthogonal function decomposition analysis (EOF) 

(Hannachi et al., 2007; Wilks, 2011) was used across the stations 
along the coast of China to determine the dominant patterns of 
sea level change. First, the sea level data in the temporal and spa-
tial fields were processed for anomalies, which are given in the 
form of the following matrix, 

X =



x x · · · xj · · · xn
x x · · · xj · · · xn
...

...
...

...
...

...
xi xi · · · xij · · · xin
...

...
...

...
...

...
xm xm · · · xmj · · · xmn

 , (2)

where m and n are the number of observations and stations, re-
spectively (m>n). Each element is decomposed into the sum of 
the orthogonal time function and the orthogonal spatial function, 
which can be expressed as follows: 

x̂ =
∑
i,j

thilhj,
i = , , · · · ,m
j = , , · · · ,n , (3)

where lhj represents the spatial coefficient of the typical field h at 
the jth point, which is spatially dependent. thi represents the time 
coefficient of the typical field h at the ith observation time, which 
is temporally dependent. The above function can also be ex-
pressed as follows: 

Xm×n = Tm×mLm×n, (4)

where 

Tm×m =

( t · · · tm
...

...
tm · · · tmm

)
,Lm×n =

( l · · · ln
...

...
lm · · · lmn

)
. (5)

The wavelet transform (Farge, 1992; Lau and Weng, 1995) was 
used to analyze mean sea level changes in both the time and the 
frequency domains. The wavelet transform of time function is 
defined as follows: 

W(τ, s) =
√
s

∫ +∞

−∞
f(t)ψ∗ × [(t− τ)/s]dt, (6)
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where τ is the localized time index, s is the wavelet scale, ψ is the 
wavelet mother function and the * denotes the complex conjug-
ate. Here, the Morlet wavelet was chosen as the mother function 
and is formulated as follows: 

ψ(η) = π−/eiωηe−η/, (7)

where η is the nondimensional time parameter. ω is the nondi-
mensional frequency, which has a value of 6 to satisfy the ad-
missibility condition (Farge, 1992). The discrete Fourier trans-
form algorithm was used in the calculation of Eqs (5) and (6) 
(Torrence and Compo, 1998). 
The wavelet mother function ψ(η) is complex and can be de-

composed into real and imaginary parts, the results in the time-
frequency domain can be presented in three ways: the real part, 
the modulus, or the phase of W(τ, s). We chose to represent on a 
time-frequency map the real part in the following discussion. 
The wavelet power spectrum as |W| can be defined. For the 

global wavelet spectrum, let us consider a vertical slice through a 
wavelet plot as a measure of the local spectrum. The time-aver-
aged wavelet spectrum over all certain periods or all the local 
wavelet spectra is then expressed as follows: 

W

(s) =


T

T−∑
τ=

|Wτ(s)|, (8)

where T is the number of points in a time series. The time-aver-
aged wavelet spectrum is called the global wavelet spectrum 
(Torrence and Compo, 1998). 

2.2.2 Estuarine coastal ocean model 
To further attribute the extreme sea level events, a numerical 

model of the northwest Pacific was established based on the es-
tuarine coastal ocean model (ECOM) v1.3 (Blumber and Mellor, 
2013). The horizontal resolution of the model calculation was 
5'×5', and the range of domain was 15°–45°N, 105°–135°E. The ba-
thymetry was interpolated based on the ETOPO5 dataset, and 10 
Sigma layers were divided vertically. The upper boundary of met-
eorology applied the analysis wind datasets of ERA-Interim (Dee 
et al., 2011). A zero initial condition was adopted to produce the 
hourly sea level and offshore current, thus the monthly mean sea 
level and current were calculated based on the hourly result, re-
flecting the status of wind-driven current as well as sea surface 
height anomaly. 

3 Results and discussion 

3.1 Long-term sea level change 

3.1.1 Annual-mean sea level 
Coastal SLR was analyzed without correcting for vertical land 

motion since relative sea level is more essential when assessing 
coastal flood risk. Since the 1960s, the SLR along the coast of 
China has generally fluctuated and experienced three significant 
uplifts, showing an accelerated upward trend, and the estimated 
acceleration is 0.07 mm/a2. The rise rate was 2.4 mm/a from 1960 
to 2020 and 3.4 mm/a during 1980–2020. Particularly, from the 
satellite altimetry era of 1993 to 2020, the SLR rate along the coast 
of China was 3.9 mm/a, higher than the global mean (3.3 mm/a). 
The SLR along the coast of China remained high during 2012– 
2020 and over the last 60 years, with the highest level in 2016, fol-

lowed by that in 2012 (Fig. 1). 
The SLR rates at 42 representative stations since records 

began indicated regional differences along the coast of China, at-
tributed to ENSO, wind, and local hydrodynamic processes 
(Wang et al., 2017). At the local scale, the observed interannual 
sea level variability was strongest at locations along the coasts of 
the Liaodong Peninsula, Laizhou Bay, Hangzhou Bay and Hain-
an Island, where the SLR rates ranged 3–4 mm/a. The rise rates 
were relatively low in western Liaodong Bay, Fujian and Guangxi, 
with values of approximately 1–2.5 mm/a (Table 3). 
There is a spatially difference pattern in the SLR rate along the 

coast of China. From 1980 to 2020, the coastal sea level rise rates 
of the Bohai Sea, the Yellow Sea, the East China Sea and the 
South China Sea were 3.4 mm/a, 3.1 mm/a, 3.4 mm/a and 3.6 mm/a, 
respectively, which were the fastest in the South China Sea, fol-
lowed by that in the Bohai Sea and the East China Sea, and they 
were the slowest in the Yellow Sea. From 2008 to 2012, the sea 
level along the Bohai Sea rose by 60 mm, with an annual rise rate 
as high as 15 mm/a, and the sea level was the highest in 2014. 
The sea level along the Yellow Sea coast was at its highest during 
2012–2016 in the last 40 years but dropped significantly by 45 mm 
in 2017. In the East China Sea, the coastal sea level rose abnor-
mally by 65 mm from 2011 to 2012 and reached its highest level 
in 2016. In the South China Sea, the coastal sea level rose by 68 mm 
from 2015 to 2017 and reached its highest level in 2017 (Fig. 2). 
Several representative tide gauge stations were chosen to in-

dicate significant increases with interannual and interdecadal 
periodic oscillations in the last 40 years in the China coastal wa-
ters. There were significant regional correlations in the sea level 
change series. The coastal sea level from Guangdong to Hainan, 
south Shandong to north Fujian, Bohai Sea and Laizhou Bay and 
the northern part of the Yellow Sea all increased significantly, 
with an average increase exceeding 100 mm. Among these sta-
tions, LKO, LSI, TXU, HKO and DFG all increased by more than 
150 mm. The coastal SLR in the YTI and BHI was relatively small, 
at less than 50 mm (Fig. 3). 

3.1.2 Seasonal mean sea level 
The seasonal mean sea level along the coast of China showed 

an upward trend over the last 60 years. The rise rate was 2.4 mm/a 
for winter (December to February), 2.3 mm/a for spring (March 
to May), 2.0 mm/a for summer (June to August), and 2.3 mm/a 
for autumn (September to November) from 1960 to 2020. Except 
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Fig. 1.  The mean sea level showed a step-by-step accelerated 
upward trend along the coast of China since the tide gauge re-
cord began. The dotted lines indicate linear trends with higher 
rates of sea level rise from the three latest periods. Most of the 
tide gauges along the coast of China were established after 1960, 
and tide gauge observations have significantly improved since 
1980. 
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Table 3. Sea level rise rate of representative stations along the coast of China since records began 
Station Rate/(mm·a−1) Period Station Rate/(mm·a−1) Period Station Rate/(mm·a−1) Period 
BYQ 

HLD 

ZMW 

QHD 

TGU 

LKO 

XCS 

LHT 

YTI 

PLI 

CST 

QLY 

XMD 

WMT 

3.7 

1.9 

0.7 

1.1 

3.9 

3.2 

2.7 

3.7 

1.0 

3.3 

2.6 

2.5 

2.2 

0.4 

1980–2020 

1961–2020 

1983–2020 

1965–2020 

1960–2020 

1963–2020 

1980–2020 

1980–2020 

1960–2020 

2000–2020 

1981–2020 

1990–2020 

1990–2020 

2000–2020 

RZH 

LYG 

LSI 

DJS 

TXU 

SSH 

CTU 

ZHI 

SPU 

DCN 

KMN 

SSA 

PTN 

XMN 

2.2 

0.9 

4.6 

3.3 

4.6 

2.7 

3.2 

2.4 

4.4 

3.0 

2.5 

2.0 

2.5 

2.0 

1968–2020 

1960–2020 

1976–2020 

1978–2020 

1978–2020 

2000–2020 

1960–2020 

1966–2020 

2000–2020 

1980–2020 

1960–2020 

1964–2020 

1967–2020 

1960–2020 

DSN 

YWO 

SWI 

CWN 

DWS 

ZPO 

NZU 

BHI 

FCN 

WZU 

HKO 

QLN 

SYA 

DFG 

1.7 

2.9 

2.6 

3.9 

4.8 

2.5 

2.3 

2.0 

2.9 

2.9 

4.6 

4.2 

6.1 

3.1 

1960–2020 

1993–2020 

1971–2020 

1986–2020 

1984–2020 

1960–2020 

1960–2020 

1967–2020 

2000–2020 

1964–2020 

1976–2020 

1977–2020 

2000–2020 

1965–2020 
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Fig. 2.  Mean coastal sea level changes in the Bohai Sea (a), Yellow Sea (b), East China Sea (c) and South China Sea (d) from 1980 to 
2020. The coastal sea level of sea areas has reached high levels in recent years, with the records being highest in 2014, 2016, 2016 and 
2017. 

for linear trends, the seasonal mean SLR has been accelerating, 
although it varies in different periods. The SLR rates were 3.7 mm/a, 
3.0 mm/a, 2.9 m/a and 3.6 mm/a for winter, spring, summer and 
autumn, respectively, from 1980 to 2020. Furthermore, the sea-
sonal mean sea level indicated a more significant rise since 1993, 
with higher rise rates of 3.6 mm/a, 3.4 mm/a, 3.6 mm/a and 4.5 mm/a 
for winter, spring, summer and autumn, respectively. The rate of 
SLR was the highest in winter for both periods of 1960–2020 and 
1980–2020, while it was the highest in autumn during 1993–2020. 
Corresponding with the anomalous annual highs in 2012 and 
2016, the coastal sea levels from summer to autumn in 2012 and 
in spring and autumn of 2016 all reached the historical highest 
values (Fig. 4). 

3.2 Interannual and decadal sea level change 
To analyze the interannual and decadal sea level changes 

along the coast of China, a linear trend was first removed from 
the annual mean sea level series. Morlet wavelet transform ana-
lysis was performed on the residual sea level anomalies with a 
time length of approximately 60 years. The results showed that 
the wavelet real coefficient formed the center of oscillation 
between the positive and negative phases of various time scales, 
indicating that the coastal sea level contained significant 
multiscale periodic changes. Combining the amplitudes on the 
right side, the significant periods of coastal sea level change 
mainly included quasi-2 a, 4 a, 7 a, 11 a, quasi 19 a and 30–50 a in 
the 95% confidence interval. The oscillation period of 2–3 a was 
from coastal hydrological and meteorological elements. It is 
common that short-term coastal sea level changes are closely re-
lated to local wind, flow and sea surface temperature. Another 
component was the 4–7 a cycle, which is believed to be closely re-
lated to the ENSO phenomenon. The correlation between the sea 
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Fig. 3.  Mean sea level changes at representative stations along 
the coast of China from 1980 to 2020 show significant regional 
correlations, and coastal sea level rise rates are higher at TGU, 
LSI, HKO and DFG. 

level of the Chinese seas and the sea temperature in the central 
and eastern equatorial areas was significant, and the coefficients 
increased from north to south along the coast of China, with val-
ues greater than that of 0.69 in the South China Sea (Wang et al., 

2018b). The cycle of quasi 11 a reflects the influence of sunspots 
on sea level change. The 9 a and 19 a cycles are astronomical tide 
cycles, reflecting the changes in lunar declination, known as in-
tersection tides. Additionally, it could be concluded from the res-
ults of wavelet transform analysis that the periodic oscillations of 
2–3 a, 11 a, and 30–50 a have been most significant in the last 60 
years, with amplitudes of approximately 1–2 cm (Wang et al., 
2018a). These signals were followed by oscillations 4 a, 7 a and 
quasi 19 a, with amplitudes of approximately 0.5–1 cm (Fig. 5). 
Decadal sea level change is also an important indicator of 

long-term climate change. The coastal sea level in the 1960s was 
the lowest in the last 60 years. After a slight rebound in the 1970s, 
it declined again in the 1980s and continued to rise afterwards. 
The sea level in the last decade was the highest. In particular, the 
mean sea level from 2010 to 2019 was 133 mm, 105 mm, and 
72 mm higher than the average from 1960–1969, 1980–1989, and 
1990–1999, respectively (Fig. 6). 
The decadal sea level change along the coast of China presen-

ted significant regional and temporal differences. During 1980– 
1989, the coastal sea levels of the Yellow Sea and the South China 
Sea were generally low. During 1990–1999, the sea levels of the 
Yellow Sea, East China Sea and South China Sea were generally 
low, while the sea level of the Bohai Sea increased greatly. From 
2000 to 2009, the sea levels in the Yellow Sea, the East China Sea 
and the South China Sea all rose to a large extent. The SLR from 
2010 to 2019 was the largest along the coast of the Bohai Sea, fol-
lowed by that of the East China Sea, and it was smallest in the 
Yellow Sea (Table 4). 

3.3 Spatial and temporal sea level characteristics 
To investigate the spatial and temporal sea level change char-

acteristics, EOF analysis of the annual mean sea level anomaly 
series along the coast of China from 1980 to 2020 was also con-
ducted. As a result, the first mode of EOF was able to explain 81% 
of the total mean sea level anomaly, reflecting a significant rising 
trend. The sea level anomaly was higher in areas of the southw-
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Fig. 4.  The seasonal mean sea level along the coast of China rose acceleratively from 1960 to 2020 and was highest in winter. Winter 
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Fig. 5.  The real part (a) and the amplitude (b) of the sea level wavelet transform along the coast of China indicated significant 
periodical changes from quasi-2 a to 30–50 a. 
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Table 4. Decadal sea level anomaly of China seas from the 1960s 
(unit: mm) 
Period Bohai Sea Yellow Sea East China Sea South China Sea 

1980–1989 −45 −58 −42 −56 

1990–1999 −8 −16 −17 −24 

2000–2009 3 10 10 7 

2010–2019 64 39 63 55 

est Bohai Sea, south Jiangsu, Hangzhou Bay and Hainan coast, 
corresponding to rapid SLRs in these areas. The lower sea level 
anomaly indicated relatively slow SLR along the coast of west 
Liaodong Bay, north Jiangsu, west Taiwan Strait and the Beibu 
Gulf. From the aspect of the time coefficient, coastal SLR was 
generally slow in the 1980s. The coastal sea level was higher in 
the 1990s and rose significantly, especially in the late 1990s. The 
fluctuation of the time coefficient in approximately 2005 corres-
ponded to the low sea level event in 2005 (Ministry of Natural Re-
sources of the People’s Republic of China, 2019). China’s coastal 
sea level in the last decade has maintained a high historical level, 
which was also basically consistent with the characteristics of 
long-term sea level change shown in Fig. 7. 
The second mode EOF was able to explain 6% of the total 

change. This modality mainly reflected the characteristics of the 
north-south anti-phase change in the China coastal sea level, di-
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Fig. 7.  The first mode empirical orthogonal function of sea level 
change (a) and the corresponding time coefficient (b) along the 
coast of China indicate an overall rise with spatial differences. 

vided by the coastal areas between Pingtan and Xiamen in Fuji-
an Province. This is also in correspondence with the northward 
drop of coastal mean dynamic topography which undergoes an 
evident seasonality affected by counter balance of contributions 
from the alongshore wind and the coastal current (Lin et al., 
2021). The annual mean sea level along the coast of China varied 
significantly from north to south before 2000. Especially from 
1984 to 1994, the sea level anomalies along the coast of China 
were generally higher in the north than in the south. During the 
periods of 1980–1983, 1995–1997, 2011–2013 and 2017, the China 
coastal sea level anomalies showed significant north-low and 
south-high patterns (Fig. 8). 

3.4 Extreme sea level events along China coast 
Extreme sea levels can have devastating societal impacts 
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(Muis et al., 2016). Extreme sea level events along the coast of 
China have intensified under accelerating SLR (Feng et al., 2019; 
Wang et al., 2014). In 2016, the Chinese coastal sea levels reached 
their highest level since 1960, which was 82 mm higher than the 
multiyear average. The monthly sea levels in September, Octo-
ber, November and December all reached their highest historical 
values that were 104 mm, 113 mm, 126 mm and 109 mm higher 
than the multiyear average of the same period, respectively. In 
2012, the Chinese coastal sea levels reached the second highest 
value since 1960, which was 76 mm higher than the multiyear av-
erage. The monthly sea levels in June, August and October all 
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Fig. 8.  The second mode empirical orthogonal function of sea 
level change (a) and the corresponding time coefficient (b) along 
the coast of China indicate the anti-phase spatial pattern in the 
last 40 years. 

reached historical highs that were 114 mm, 130 mm and 97 mm 
higher than the multiyear average of the same period, respect-
ively. The coincidence of several long-period oscillations (such as 
ENSO, sunspots, astronomical tide cycles), abnormal wind fields, 
tropical cyclones, ocean currents, and other factors all contrib-
uted to abnormally high sea levels. The extreme sea level event in 
2016 occurred just after the 2015/2016 strong El Niño event and 
before the 2017/2018 La Niña event. The sea surface temperature 
changes in the central and eastern equatorial Pacific Ocean af-
fect the activities of the East Asian monsoon through atmospher-
ic teleconnection, thus affecting sea level changes along the coast 
of China (Fang et al., 2006; Han and Huang, 2009; Wang et al., 
2018b). To quantitatively evaluate this influence, the wind-driv-
en sea level anomaly was calculated by ECOM simulation. Cyc-
lonic atmospheric circulation presented in the seas of China from 
September to November 2016, consisting of the southwest wind 
anomaly in the South China Sea, north wind anomaly in the East 
China Sea, and east wind anomaly in the Bohai Sea as well as in 
the Yellow Sea, which drove onshore seawater transportation in 
the north of the South China Sea (Fig. 9a). As a result, the height 
of wind-driven sea level in the Taiwan Strait and the north coast 
reached 40–90 mm, contributing 35%–80% to the sea level anom-
aly (Fig. 9b). At the same time, from September to October 2016, 
five cyclones impacted South China. The storm surge clusters 
caused 70–360 mm short-term high sea levels during influence 
periods. 

4 Conclusions 
Tide data from long-term ocean observation stations along 

the coast of China were used to systematically analyze the tem-
poral and spatial variation characteristics of China’s coastal sea 
level over the last 60 years. The results indicated that China’s 
coastal sea level rise has generally accelerated, and the estimated 
acceleration has been 0.07 mm/a2. The coastal SLR rates in 
1960–2020, 1980−2020 and 1993–2020 were 2.4 mm/a, 3.4 mm/a 
and 3.9 mm/a, respectively. In the last 40 years, the SLR rates at 
the Liaodong Peninsula, Laizhou Bay, Hangzhou Bay and Hain-
an Island were relatively high, ranging from 3–4 mm/a. The SLR 
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rates west of Liaodong Bay, Fujian and Guangxi were relatively 
low, ranging from 1–2.5 mm/a. On the scale of the China seas, 
coastal sea level rises fastest in the South China Sea and slowest 
in the Yellow Sea. In addition, there were significant differences 
in the seasonal SLR trends. From 1993 to 2020, China’s coastal 
sea level rises fastest in autumn, with a rise rate of 4.5 mm/a. The 
SLR in summer and spring is slower, with a rise rate of 3.4 mm/a. 
Additionally, China’s coastal sea level has been rising with signi-
ficant cyclical oscillation. The main significant periods include 
quasi 2 a, 4 a, 7 a, 11 a, quasi 19 a and 30–50 a. For the decadal sea 
level change, the sea level in the 1960s was at its lowest value in 
nearly 60 years. After the 1980s, SLR accelerated and reached its 
highest level in the most recent decade. The mean sea level dur-
ing 2010–2019 was 133 mm higher than the average during 1960– 
1969. Furthermore, coastal sea level change in the Chinese seas 
was characterized by a north-south anti-phase pattern, taking 
Pingtan as the demarcation area. Extreme sea level events were 
found to be related to anomalous wind, tropical cyclones and 
other factors; specifically, wind-driven sea level anomalies con-
tributed to 40%–80% of the sea level anomaly from September to 
November 2016. 
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