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Abstract
All tide gauge stations around the China seas can be divided into two subregions according to their
correlations before and after removing the seasonal cycle, within which the stations generally have very
high correlations with each other. Region 1 is located in the Bohai Sea, the Yellow Sea, the East China
Sea, and adjacent areas of China, which are in Korea and Japan; Region 2 is located in the South China
Sea. EOF decomposition is performed on the tide gauge records within each subregion after removing the
vertical land motion and the seasonal cycle, and then do the wavelet coherence analysis between the
principal component (PC) time series of each subregion and the Southern Oscillation Index (SOI) as well
as the Paci�c Decadal Oscillation (PDO) time series. Results show that the �rst PC time series of Region
1 has no signi�cant coherence with the SOI index on inter-annual timescales, but it proves strong
coherence in the 8-to-16-year band; in contrast, the inter-annual variation of the sea level in the Region 2,
which is mainly represented by the �rst mode, is consistent with the change of SOI revealing that the
inter-annual variation of sea level in the South China Sea is closely related to ENSO. The wavelet
coherence between the �rst PC time series of Region 1 and PDO index shows that they have strong
coherence in the 8-to-16-year band. The wavelet coherence between the �rst PC time series of Region 2
and PDO index shows strong coherence in the 8-to-16-year band, and during 2000–2016, they also have
strong coherence in the 3-to-7-year band.

1. Introduction
Inter-annual and decadal climate �uctuations such as El Niño-Southern Oscillation (ENSO) and Paci�c
Decadal Oscillation (PDO) may impact the variations of sea level on regional scales with considerably
higher amplitudes (Calafat et al., 2013). China has a coastline spread over 32 kilometers, high density of
population and infrastructures place it in a vulnerable position under the circumstances of climate
change (Han et al., 1997; Chen, 1997; Shi et al., 2000; Wang et al., 2012), thus, it is of vital signi�cance to
analyze the mechanism of ENSO and PDO working on the sea level around the China seas.

For the China coast, the South China Sea is the largest marginal sea in Southeast Asia which is a semi-
closed basin surrounded by southern China, the Philippines, Borneo island, and China-Indochina
Peninsula. Due to the special geographical location of the South China Sea, there have been a large
number of studies on the mechanism of sea level variability in the South China Sea on inter-annual and
longer time scales (Qu et al., 2000; Qu et al., 2004; Rong et al., 2007), indicating that the inter-annual
change of sea level in the South China Sea is closely related to ENSO and decadal PDO (Mohan and
vethamony, 2017). ENSO can also affect the sea level variations of the Yellow Sea, the Bohai Sea, and the
East China Sea through the action of wind stress (Han et al., 2020; Li et al., 2016; Zuo et al., 2012). Liu et
al. (2009) used satellite altimetry data from 1992 to 2007 to analyze the relationship between sea level
anomalies in the Yangtze River Estuary as well as the Southern East China Sea and ENSO respectively,
calculated the correlation coe�cient between the low-frequency component of sea level anomalies and
the southern oscillation index, and found that the sea level anomalies in the two regions are regulated by
ENSO, further analysis show that ENSO affects the wind stress �eld through the atmospheric circulation,
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and then in�uences the sea level variations. Decadal sea level variations in the Yellow Sea, the Bohai Sea,
and the East China Sea are associated with PDO by a signi�cant inverse correlation between them (Han
and Huang, 2008).

Many studies have been done on the analysis of sea level variability for some parts of the China seas,
especially in the South China Sea. However, due to the lack of tide gauge records and the short temporal
coverage of satellite altimetry, the inter-annual and decadal variations of sea level for the whole China
seas on different time and spatial scales still needs to be further explored.

In this paper, 25 tide gauge records are used to study the inter-annual and decadal sea level variability
around the China seas, the wavelet coherence method is used along with ENSO and PDO index to study
the response of sea level variations to the dynamic processes of the ocean (Han and Huang, 2008).

2. Data And Methods

2.1 Data
Monthly tide gauge data are obtained from the Permanent Service for Mean Sea level (PSMSL) (Holgate
et al., 2013; PSMSL, 2017). 25 tide gauge records covering different periods along the Chinese coast are
selected, detailed information is shown in Table 1.
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Table 1
Tide gauge records along the Chinese coast

Station number Station Name Time span

1 Dalian 1970–2016

2 Qinhuangdao 1950–1994

3 Yantai 1954–1994

4 Lusi 1967–2016

5 Keelung 1956–1995

6 Incheon 1960–2016

7 Mokpo 1960–2016

8 Jeju 1964–2016

9 Sasebo 1966–2016

10 Nagasaki 1965–2016

11 Fukue 1965–2016

12 Kuchinotsu 1975–2016

13 Akune 1970–2016

14 Odomari 1965–2016

15 Nisinoomote 1965–2016

16 Naha 1966–2016

17 Kanmen 1959–2016

18 Xiamen 1954–2004

19 Macau 1925–1985

20 Tsim bei tsui 1974–2016

21 Tai po kau 1963–2016

22 NPQB 1950–2016

23 Chi ma wan 1961–1997

24 Zhapo 1959–2016

25 Hondau 1957–2013

We calculate the correlation coe�cients between all 25 tide gauges before and after removing the
seasonal cycle (Fig. 1). When the seasonal cycle is included, the stations can be divided into two
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subregions within which the stations generally have very high correlations with each other: Region 1, the
Bohai Sea, the Yellow Sea, the East China Sea, and adjacent waters, which comprises stations 1–17
(identi�ed in Table 1); Region 2, the South China Sea, contains stations 18–25. After removing the
seasonal cycle from all stations, the correlations both within, and between the two regions, are all reduced
to some extent. Regions are much more differentiated from each other after the seasonal cycle is
removed except for stations 9–13. Thus, seasonal cycles account for more of the intra-regional
correlations in both regions.

Region 1 covers the Bohai Sea, the Yellow Sea, and the East China Sea while Region 2 is in the South
China Sea where the seasonal character is quite different from Region 1. Figure 2 shows all tide gauge
stations in both regions.

Figure 2 shows the seasonal amplitude of tide gauge record at each location in Region 1 and Region 2.
The seasonal amplitudes of most tide gauges in Region 1 are larger than Region 2. Among all stations,
Qinhuangdao has the largest amplitude. Figure 3 presents the tide gauge record after removing the
seasonal cycle at each location.

The SOI is a kind of commonly used ENSO index calculated from the sea level pressure difference
between Tahiti and Darwin, located in Australia. It is a means to observe the large-scale �uctuations in air
pressure between the western and eastern of the equatorial Paci�c and to characterize the development
state and intensity of El Niño and La Niña events. The SOI time series correspond well with ocean
temperature changes across the eastern tropical Paci�c. The positive (negative) SOI phase coincides with
abnormally cold (warm) ocean waters across the equatorial eastern Paci�c and the enhancement of the
Paci�c trade wind, which are typical of La Niña (El Niño) events.

The PDO is regarded as a long-lived El Niño-like pattern of Paci�c climate variation. It is de�ned as the
leading principal mode of monthly sea surface temperature variations of North Paci�c (poleward of
20°N). The positive phase of PDO is associated with cool waters in the midlatitude North Paci�c and
intensi�ed Aleutian low along with strong westerlies (Gordon and Giulivi, 2004; Mantua et al., 1997).

The monthly time series of ENSO and PDO index are obtained from NOAA.
(https://www.ncei.noaa.gov/access/monitoring/products/).

2.2 Methods
In this analysis, the wavelet coherence method is applied to determine the correlation coe�cient in time
frequency space following Grinsted et al (2004):

R2
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1

S is a smoothing operator while Wx
n(s) can be regarded as the local phase.

To remove the trend of vertical land motion (VLM) from tide gauge records, we calculate the difference
between monthly sea level anomalies measured by satellite altimetry and tide gauge records at each
location for 1993–2018. Sea level anomalies are obtained from AVISO (Archiving, Validation, and
Interpretation of Satellite Oceanographic Data) on a resolution of 0.25°×0.25°. As no GPS data are
available in mainland China, so here we use the substitute method because satellite altimetry is not
in�uenced by VLM, while tide gauge records include VLM. (Kuo et al., 2004; Ostanciaux et al., 2012; Chen
et al., 2018).

3. Results

3.1 Sea level variability responses to ENSO
Sea surface temperatures along the coast in our study area have a close relationship with ENSO, which
will then in�uence the sea level variability. We perform EOF analysis on all the 14 tide gauge stations
corrected for VLM in Region 1. After removing VLM, the linear trend and the seasonal cycle from the SLC
time series, the �rst three leading principal components and their eigenvectors are shown in Fig. 4. The
�rst EOF mode accounts for 52.6% of the variance, while the second accounts for 10.0%, and the third
EOF accounts for 9.0% of the total variance.

Figure 5 presents the wavelet coherence between SOI and the amplitude time series of the �rst EOF of
Region 1, PC1. Figure 5a shows that the two series vary coherently, generally, positive SOI (i.e., La Niña
events) correlating with positive amplitudes of PC1 time series while negative SOI (i.e., El Niño events)
correlating with negative amplitudes of PC1 time series in Region 1. Figure 5b presents the wavelet
coherence between SOI and PC1, and the results show that SOI and PC1 time series have signi�cant (p < 
0.05, against red noise) coherence in the 8-to-16-year band during 1980–2016, and the PC1 time series
leads the SOI by 1/4 of the period. Therefore, it can be inferred that the impact of ENSO on sea level
variations in the East China Sea, the Yellow Sea, the Bohai Sea, and adjacent waters are mainly on
decadal or longer time scales.

We also perform EOF analysis on all tide gauge records in Region 2 after removing the linear trend, the
VLM, and the seasonal cycle, the results are shown in Fig. 6. The variance explained by the �rst three
principal modes are 66.5%, 20.7% and 8.5%, respectively. Figure 7 shows the wavelet coherence between
the amplitude time series of the �rst principal mode (PC1) of Region 2 and SOI. Figure 7a also shows that
the two series vary coherently, positive SOI correlating with positive amplitudes of PC1 time series and
negative SOI correlating with negative amplitudes of PC1 time series, but also there are some opposite
examples such as negative SOI correlating with high amplitudes (e.g., 1997). Figure 7b shows that
wavelet coherence between PC1 time series and SOI has signi�cant, in-phase relationship in the 3-to-7-
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year band during 1995–2015, also it is signi�cant and in-phase in the 10-to-16-year band during 1980–
2016. Thus, there is a strong coherence between SOI and PC1 on timescales from inter-annual to decadal.

As the South China Sea is a semi-closed ocean basin that exchanges water with adjacent waters,
including the East China Sea, the Sulu Sea, the Java Sea and the Paci�c Ocean, the adjacent seas and
the Paci�c Ocean must play an essential role in its sea level variability, on not only seasonal timescale,
but also on inter-annual timescale and longer timescales. At the developing stage of El Niño, there is
increased Luzon Strait transport �owing into the South China Sea, while higher temperature water �ows
out of the South China Sea through the Mindoro Strait and the Balabec Strait (Qu et al., 2000; Qu et al.,
2004; Rong et al., 2007) which cools the South China Sea and even results in lower sea level, but at the
developing stage of La Niña, the situation is reversed. The southwesterly monsoon also plays a role via
its impact on ocean circulation. In summer, when at the developing stage of El Niño, the Western Paci�c
subtropical high leads to cyclonic wind anomalies, which drive water divergence in the South China Sea,
cooling it and then thinning the mixed layer, thus less heat is stored lowering sea level, Still, at the
developing stage of La Niña, the situation is reversed, warm water convergence deepens the mixed layer,
raising sea level (Huang et al., 2004; Rong et al., 2007).

3.2 Sea level variability responses to PDO
The above studies revealed that sea level variations in Region 1 and Region 2 are affected by the
changes in the Paci�c Ocean on decadal scale, that is, PDO. PDO can also be regarded as a response to
ENSO and atmospheric noise (Schneider and Cornuelle, 2005; Newman et al., 2003), and they are closely
correlated in the low frequency band (Zhang and church, 2012). PDO can affect the intensity and
frequency of ENSO. In this analysis, wavelet coherence method is adopted to analyze the correlation
between PDO and ENSO. The results are shown in Fig. 8, in which Fig. 8a is the comparison between the
time series of SOI and PDO, and Fig. 8b is the wavelet coherence of the two time series. It can be found in
Fig. 8a that there is an obvious anti-correlation between the time series of SOI and PDO, positive SOI
generally correlating with negative PDO. Figure 8b shows that the SOI time series and PDO time series
have strong coherence on multiple time scales. The two time series are highly correlated from 1980 to
1990 in the two-year band with SOI leading PDO, which means, SOI may drive PDO. Also, the two series
have strong anti-phase coherence in the band of 4-to-16-year from 1980 to 2016. Overall, PDO is closely
related to or affected by SOI on multiple time scales.

The wavelet coherence between the PC1 time series of Region 1 and PDO is shown in Fig. 9a, and that
between the PC1 time series of Region 2 and PDO is shown in Fig. 9.b. It can be seen in Fig. 9a that, the
wavelet coherence between PC1 time series of Region 1 and PDO has strong anti-phase coherence in the
8-to-16-year band from 1980 to 2016. When PDO is positive, relatively low sea level is found in the East
China Sea, the Yellow Sea, the Bohai Sea, and adjacent areas including Japan and Korea. When PDO is
negative, high sea level is found there. During a positive PDO phase, the Aleutian low pressure becomes
deeper and moves southward, while the westerlies in the North Paci�c strengthen, resulting in the
increasement of Ekman transport to the South, which leads to the reduction of sea surface temperature in
the mid-latitude Paci�c, so the steric sea level and sea surface height are relatively low and vice versa.
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The in�uence of PDO on the sea level variations in the Northwest Paci�c is also considered to be related
with the Kuroshio geostrophic transport (Gordon and Giulivi, 2004). The Kuroshio geostrophic transport
affects the sea level difference between the Japan/East Sea and the subtropical North Paci�c.
Comparison between the Kuroshio and PDO reveal that when the transport is large, the sea level slope
across both sides of the Kuroshio is large, which corresponds to the positive phase of PDO; When the
transport is small, the sea level slope across both sides of the Kuroshio is also relatively small, which
corresponds to the negative phase of PDO. In addition, PDO in�uencing the sea level variations in the
East China Sea and Yellow Sea is also considered to be related to the runoff of the Yangtze River (Han
and Huang, 2008). Since the Yangtze River is the main source of freshwater runoff to the East China Sea
and Yellow Sea, the changes of runoff can signi�cantly affect the distribution of seawater salinity in this
region, and then affect the steric sea level variations.

The wavelet coherence between the PC1 time series of Region 2 and PDO shows strong anti-phase
coherence in the 8-to-16-year band from 1980 to 2016, as well as strong anti-phase coherence in the 3-to-
7-year band during the period of 2000–2016. When PDO is in the positive phase, sea level in the South
China Sea is relatively low, and the negative phase of PDO corresponds to the high sea level. This may be
due to the strengthening of easterly trade related to PDO (Merri�eld et al., 2012; Cheng et al., 2016). In
PDO negative-phase years, the intensi�ed easterly trade wind and negative wind stress curl deepen the
thermocline thickness of the western tropical Paci�c, so the steric sea level and total sea level are at a
high level, and vice versa.

4. Results And Discussion
In this study, to analyze the inter-annual and decadal variations of sea level around the China seas, 25
tide gauge records in the study area are used, we calculate the correlation coe�cients between all tide
gauge records before and after removing the seasonal cycle. It is found that the all stations can be
divided into two subregions, one is Region 1, which is located in the Bohai Sea, the Yellow Sea, the East
China Sea and the adjacent regions, including South Korea and Japan; another is Region 2, that is the
South China Sea.

EOF analysis is performed on 14 tide gauge records after correcting the VLM and the seasonal cycle in
Region 1. The �rst mode accounts for 52.6% of the variance, while the second accounts for 10.0% and
the third EOF accounts for 9.0% of the total variance. We also perform EOF analysis on the tide gauge
records after removing the VLM and the seasonal cycle in Region 2, the explained variance of the �rst
three principal modes are 66.5%, 20.7% and 8.5%, respectively. Then wavelet coherence method is utilized
to analyze the inter-annual and decadal variability on sea level in Region 1 and Region 2 respectively.

The wavelet coherence analysis between the amplitude time series of PC1 in Region 1 and the SOI index
time series shows that they have no signi�cant coherence on interannual timescales but it proves strong
coherence in the 8-to-16-year band. Thus, the in�uence of ENSO on the sea level variability in Region 1 is
mainly on the ultra-low frequency. The wavelet coherence analysis is also performed between the
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amplitude time series of PC1 in Region 2 and the SOI index time series, it is found that from 1995 to
2015, they have strong coherence in the band of 3-to-7-year, and from 1980 to 2016, they also have a
signi�cant in-phase relationship in the band of 10-to-16-year. That is, the inter-annual and decadal
changes of sea level in the South China Sea are closely related to ENSO.

The decadal variations of sea level around the China seas are studied by wavelet coherence analysis
between the PC1 times series of Region 1 as well as Region 2 and the PDO index time series respectively.
The results show that decadal sea level variability in Region 1 and PDO have strong coherence in the 8-to-
16-year band from 1980 to 2016, so does Region 2, Region 2 and PDO also have strong coherence in the
3-to-7-year band from 2000 to 2016.

The inter-annual and decadal variability of sea level around the China seas are related to PDO and ENSO,
while PDO and ENSO also have an internal relationship (Pei et al., 2015), which means an internal relation
between the tropical Paci�c and the North Paci�c in affecting the sea level variation around the China
seas, and the mechanism of the interaction remains to be further discussed.
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Figure 1

a) The correlation between the 25 tide gauge stations b) correlations after removing the seasonal cycle 

Figure 2

The seasonal amplitude at each tide gauge station (Units: m)
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Figure 3

The monthly sea level change (SLC, Units: m) from all the tide gauge records in study area. Seasonal
cycles are removed from all series.
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Figure 4

a) Spatial eigenvectors of the �rst three EOF modes of Region 1 b) Amplitudes of the time series for the
�rst three EOF modes of Region 1

Figure 5

a) Comparison of the PC1 time series of Region 1 with SOI b) Wavelet coherence between PC1 time series
of Region 1 and SOI (The vectors indicate the phase difference between two series, the horizontal arrow
pointing left denotes in-phase, pointing right denotes anti-phase, pointing straight up denotes the �rst
series leads the second by 90°)
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Figure 6

a) Spatial eigenvectors of the �rst three EOF modes of Region 2 b) Amplitudes of the time series for the
�rst three EOF modes of Region 2

Figure 7

a) Comparison of the PC1 time series of Region 2 with SOI b) Wavelet coherence between PC1 time series
of Region 2 and SOI
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Figure 8

a) Comparison of SOI with PDO time series of Region 2 b) Wavelet coherence between SOI and PDO time
series

Figure 9

a) Wavelet coherence between PC1 time series of Region 1 with PDO b) Wavelet coherence between PC1
time series of Region 2 with PDO


