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A B S T R A C T

We analyze the sea level rise along the Bohai Sea, the Yellow Sea, the East China Sea, and the South China Sea
(the “China Seas”) coastline using 25 tide gauge records beginning with Macau in 1925, but with most starting
during the 1950s and 60s. The main problem in estimating sea level rise for the period is the lack of vertical land
movement (VLM) data for the tide gauge stations. We estimated VLM using satellite altimetry covering the 18
stations with records spanning 1993–2016. The results show that many tide gauge stations, typically in cities,
have undergone significant subsidence due to groundwater extraction. After removing the VLM from tide gauge
records, the 1993–2016 sea level rise rate is 3.2 ± 1.1mm/yr, and 2.9 ± 0.8mm/yr over the longer
1980–2016 period. We estimate the steric sea level contribution to be up to 0.9 ± 0.3mm/yr, and contributions
from ice mass loss from glaciers and ice sheets of up to 1.1 ± 0.1mm/yr over the last 60 years. Contributions
from VLM range between −4.5 ± 1.0mm/yr and 1.4 ± 1.3mm/yr across the stations. Projections of coastal
sea level probability distributions under future climate scenarios show that the steric factor is the main con-
tributor under both the RCP 4.5 and High-end RCP 8.5 scenarios except in the upper tails under High-end RCP
8.5 when the Antarctic ice sheet makes the greatest contribution. By 2100 we expect median coastal sea level
rises at the stations of 48–61 cm under RCP 4.5, and 84–99 cm under High-end RCP 8.5 scenario.

1. Introduction

Reliable estimates of future sea levels are of vital importance for low
lying coastal areas subject to gradual encroachment and flooding (e.g.
Rowley et al., 2007; Hallegatte et al., 2013; Kopp et al., 2014; Jackson
and Jevrejeva, 2016). Coastal inundation is the product of many factors
including the local vertical land-motion, ocean dynamics and expan-
sion, along with changes in terrestrial ice masses. Coastal rises are ex-
pected to be much greater than mean ocean basin sea levels (Church
et al., 2013; Jevrejeva et al., 2016).

Like many coastlines, China and the countries around the China
Seas, (that is the Bohai Sea, the Yellow Sea, the East China Sea, and the
South China Sea, Fig. 1) have a larger population and a greater con-
centration of infrastructure and capital investment at or close to the
coastline than the country average. The close proximity of assets to the
coast places them in a potentially vulnerable position regarding rising
sea levels (Han et al., 1995; Chen, 1997; Shi et al., 2000; Wu et al.,
2003; Wang et al., 2012). The “China Sea Level Bulletin of 2016
(2017)” (www.soa.gov.cn/zwgk/hygb) reported Chinese coastal sea

levels increased by 3.2mm/yr from 1980 to 2016 according to tide
gauge records, as the bulletin estimated the rate without uncertainties,
in our analysis we will verify the rate. In 2016 Chinese sea levels were
82mm higher than the 1993–2011 mean. The East China Sea experi-
enced the largest increases.

Tide gauges provide long-term records of sea level change. Emery
and Yu (1981) reported an average rate of about 2.5mm/yr over the
1950s to 1980s from eight tide gauge stations. Chen (1991) used long
records from two tide gauge stations in Shanghai to show seas rising by
1.0 mm/yr from 1922 to 1987 after accounting for local tectonic
movement, ground subsidence and river discharge, which had been
neglected in previous studies. Tectonic subsidence accounted for, at
most, 1/3 of the relative sea level rise. Ren (1993) studied the sea level
changes in China over the past 80 years using monthly records from 32
tide gauge stations, (28 on the Chinese mainland and four in Taiwan);
20 stations showed rises while the other 12 stations had falling sea
level, with significant spatial variability. Sea level rose faster in deltas
and coastal plains largely due to the local subsidence (Chen, 1991; Ren,
1993). Ding et al. (2001) analyzed the Hong Kong tide gauge records
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from 1954 to 1999 finding a rising trend of 1.9 ± 0.4 mm/yr. He et al.
(2014) used spatial empirical orthogonal function analysis of tide gauge
data and satellite altimetry data to reconstruct the sea level change in
the Pearl River Delta from 1959 to 2011, finding relative sea level in-
creases of 4.1mm/yr. Chen et al. (2018) found that tide gauge data
show increasing trends of between 1 and 5mm/yr from mid-20th to
21st century along the Chinese coast. Wang et al. (2016) used the
Macau record from 1925 to 2010 and satellite altimetry data to simu-
late future sea level rise based on CMIP5 climate models under different
climate scenarios with the SimCLIM software package (Warrick et al.,
2005). Wang et al. (2016) projected rises of 65–118 cm by 2100 under
the RCP 8.5 scenario.

In this paper, we use all available tide gauge stations along the
China Seas coastline, to study how sea level has changed in the past and
determine the relative importance of the different contributors to it. To
construct this sea level budget at individual locations, we examine how
vertical land movement (VLM) including glacial isostatic adjustment
(GIA) and local land-motion, steric effects and present-day mass re-
distribution due to mass fluxes from glaciers, ice sheets and land-water
storage changes, have affected sea level observed by tide gauges.
Finally, we project future sea level and its component parts at each tide
gauge station for a set of climate scenarios.

2. Data and methods

2.1. Study area and tide gauge data

For convenience we denote the “China Seas coast” as the regions
located between 100 and 140°E and, 15–40°N, although the coastline is
spread over a number of different countries. Monthly tide gauge data
come from the Permanent Service for Mean Sea level (PSMSL) (Holgate
et al., 2013; PSMSL, 2017). The 25 stations are shown in Fig. 1, 24
stations have records longer than 40 years, 15 are between 50 and
60 years long, and 2 are longer. Chi Ma Wan has the shortest record,
only 37 years, and also has the lowest completeness (63%) of the tide
gauge records we use (detailed information is in the Supplementary
Information). North Point and Quarry Bay in Hong Kong have matching
datum information (Ding et al., 2001), so here we merge them into one
time series and rename it as NPQB.

The monthly sea level change (SLC) records from each tide gauge
are presented in Fig. 2, and the average rates for each station are shown
in Table 1. Among all 25 stations, 13 Stations are in China, 3 are in
Korea, 8 are in Japan, and 1 is in Vietnam. We estimate sea level trends
and the error bar using a simple linear regression model that contains
an annual and semi-annual cycle. As the residuals in the linear re-
gression model used to estimate the sea level trends usually contain

serial correlation, it will underestimate the true standard error, and so
here we assume the residuals follow an autoregressive model of order 1
(AR1), then adjust the standard error by reducing the degree of freedom
following Dangendrof et al. (2014). Average rates of sea level change
from the stations in the tide gauge records vary from −2.3 ± 1.9 to
5.7 ± 0.4mm/yr. Of the records that extend past the year 2000, all
stations are rising at rates between 0.4 ± 1.2 and 5.7 ± 0.4mm/yr.
Among all 25 stations, Macau is the only one which begins prior to
1950, and from 1925 to 1985 (when it stopped), its sea level rose at the
rate of 0.3 ± 0.5mm/yr.

2.2. Satellite altimetry data and sea level pressure data

As there is no Global Positioning System (GPS) data at tide gauge
stations in mainland China to estimate VLM, we made use of the high-
resolution monthly satellite altimetry data from AVISO (Archiving,
Validation, and Interpretation of Satellite Oceanographic Data) and tide
gauge data instead. The satellite altimetry data used for VLM are
monthly near-global sea level anomaly data at 0.25°× 0.25°resolution
from 1993 to 2016 provided by AVISO. Satellite altimetry measures
absolute sea level (ASL) which is relative to a global reference frame
and as a result, it is not affected by local VLM. Tide gauge data is re-
lative to a benchmark which is affected by land movement, thus we can
estimate the VLM from the difference between ASL measured by sa-
tellite altimetry and coastal sea level measured by tide gauges in lo-
cations without direct GPS observations (Kuo et al., 2004; Ostanciaux
et al., 2012; Chen et al., 2018; Wöppelmann and Marcos, 2016).
However, limitations of this method (the difference between altimetry
and tide gauges) have been discussed in previously published studies
(Kleinherenbrink et al., 2018) and the difference in observations made
by satellite altimetry and tide gauges have been discussed in Prandi
et al., 2009.

Raw AVISO sea level anomaly data have already been corrected for
sea level pressure (SLP) variations. We correct the tide gauge records
using six-hourly SLP from NCEP/NCAR Reanalysis datasets (Kalnay
et al., 1996).

2.3. Seawater temperature and salinity data

To study the steric sea level contribution we use EN4.2.0 quality
controlled ocean temperature and salinity datasets (Good et al., 2013),
in which biases from mechanical bathythermograph and expendable
bathythermograph profiles were corrected following Gouretski and
Reseghetti (2010).

Depth-integrated steric sea level (ηsteric) can be computed from the
density profile over depth, which we derive from gridded potential
temperature and salinity data that is available for the whole duration of
the tide gauge data. Then, following (Dangendrof et al., 2014):

∫= − −

−

η
ρ

ρ ρ dz1 ( )steric
H0

0

(1)

where ρ0 is the reference density (1025 kg/m3) of sea water, ρ is its in
situ density computed with the TEOS-10 software (McDougall and
Barker, 2011), ρ is the time averaged density over the whole record
duration, and H is the basin depth below mean sea level.

2.4. Present-day mass redistribution

We use estimates from Frederikse et al. (2018), calculated as the
sum of mass losses to the ocean from small ice masses, the Greenland
Ice Sheet (GIS) and the Antarctic Ice Sheet (AIS) and terrestrial water
storage mass changes over the period 1958–2014. Frederikse et al.
(2018) used glacier mass losses from Marzeion et al. (2015); GIS esti-
mates from Kjeldsen et al. (2015) for the period 1958–1992, and the
RACMO2.3 surface mass and energy balance model for 1992–2014; AIS

Fig. 1. The spatial distribution of tide gauge stations in study area.
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mass balance was also based on RACMO2.3 model outputs; Land-water
storage was based on PCR-GLOWB model (Wada et al., 2014). Mass
component at tide gauge locations are the combination of contributions
from glaciers, GIS and AIS, and are extracted from the “fingerprints” for
glaciers and ice sheets (Jackson and Jevrejeva, 2016; Jevrejeva et al.,
2016), which were scaled using the contributions from relevant sea
level components.

2.5. Probabilistic Sea level projections by 2100

We estimate probabilistic sea level projections for each tide gauge
location from regional sea level projections by Jackson and Jevrejeva
(2016). We produce estimates of sea level rise for 2010–2100 at each
station under the IPCC RCP 4.5 and RCP 8.5 (Moss et al., 2010). We

name our RCP 8.5 as “High-end RCP 8.5” following Jackson and
Jevrejeva, 2016. The difference between our High-end RCP 8.5 and the
IPCC RCP 8.5 scenarios for sea level is that our High-end RCP 8.5 sea
level projections are supplemented by Greenland and Antarctic con-
tributions from an expert elicitation by Bamber and Aspinall (2013),
which exhibit large uncertainties in the upper tail coming from the AIS
and GIS. The West and East Antarctic ice sheets both have particularly
high potential rates, presumably due to dynamically driven processes
along their extensive marine-based margins (Jevrejeva et al., 2014;
Grinsted et al., 2015; Jackson and Jevrejeva, 2016).

With RCP 4.5 and High-end RCP 8.5 we produce projections for sea
level components: steric and dynamic sea level, ice mass loss from
glaciers and ice sheets in Greenland and Antarctic (Jackson and
Jevrejeva, 2016). Contributions from land water storage (Wada et al.,
2012) and GIA are scenario independent. To account for GIA, we use
the time-integrated spatial field of GIA induced sea level change from
the ICE 6G model (Peltier et al., 2015). Following Jackson and
Jevrejeva (2016) we use steric and dynamic sea level component from
31 CMIP5 model outputs, Glaciers, GIS and AIS fingerprints from
Bamber and Riva (2010), and land water storage from Wada et al.
(2012). In this study we have not included projections of the local
vertical land movement into the future sea level projections and we
discuss uncertainties associated with this in the Discussion section.

3. Sea level trends

3.1. Vertical land motion

VLM is the main source of contamination in tide gauge records
globally and is caused by several geophysical processes (Church et al.,
2013), including local tectonic changes, subsidence/uplifts from
groundwater extraction, earthquakes, and GIA which is related to the
solid earth response to the last deglaciation. VLM are estimated as AL
(Altimetry) minus TG (Tide gauge) rates. There are 18 tide gauge sta-
tions with records covering 1993–2016 matching the satellite altimetry
data period. These 18 stations are considered for detailed analysis in
our study. Modeled GIA corrections from the ICE-6G_C_VM5a model
(Stuhne and Peltier, 2015) are available for each tide gauge location
(Table 2). All the 18 stations we consider have GIA uplift rates of
0.10–0.56mm/yr.

Fig. 2. The monthly sea level change (SLC, Units: m) from all the tide gauge records. Long term means are removed from all series.

Table 1
Tide gauge stations and trends (mm/yr), the confidence interval is at 95% level.

Station name Time span SLC rate

Dalian 1970–2016 3.5 ± 0.4
Qinhuangdao 1950–1994 −0.0 ± 0.6
Yantai 1954–1994 −0.2 ± 2.2
Lusi 1967–2016 5.7 ± 0.4
Kanmen 1959–2016 2.4 ± 0.4
Keelung II 1956–1995 0.5 ± 0.8
Xiamen 1954–2004 1.1 ± 0.6
Macau 1925–1985 0.3 ± 0.5
Tsim bei tsui 1974–2016 0.4 ± 1.2
Tai po kau 1963–2016 3.2 ± 0.6
NPQB 1950–2016 1.3 ± 0.5
Chi ma wan 1961–1997 −2.3 ± 1.9
Zhapo 1959–2016 2.3 ± 0.4
Incheon 1960–2016 1.4 ± 0.5
Mokpo 1960–2016 3.9 ± 0.5
Jeju 1964–2016 5.3 ± 0.4
Sasebo II 1966–2016 2.2 ± 0.5
Nagasaki 1965–2016 2.6 ± 0.4
Fukue 1965–2016 1.5 ± 0.4
Kuchinotsu 1975–2016 3.3 ± 0.5
Akune 1970–2016 1.4 ± 0.5
Odomari 1965–2016 2.1 ± 0.5
Nisinoomote 1965–2016 2.3 ± 0.4
Naha 1966–2016 2.2 ± 0.6
Hondau 1957–2013 2.1 ± 0.4
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Fig. 3 shows a comparison of SLC for Dalian and Lusi from altimetry
and tide gauge records during 1993–2016 (see Supplementary In-
formation for other locations). Correlation coefficients between tide
gauge and satellite records are higher than 0.75 at all stations except for
Lusi (0.55), and most are higher than 0.9. Lusi has both high rates and
irregularity in its VLM.

The VLM trends are between −4.5 ± 1.0 and 1.4 ± 1.3mm/yr. In
China, Dalian, Lusi and Kanmen are all subsiding but the VLM rates
vary from −3.6 ± 2.6 (Lusi) to −1.3 ± 0.9 (Kanmen) mm/yr. Tsim
bei tsui, NPQB and Zhapo are uplifting between 0.7 ± 0.8 and
1.0 ± 1.0mm/yr. In Korea and Japan, Incheon has an uplifting trend
while Mokpo, Jeju, Nagasaki, Kuchinotsu, Akune and Odomari are
subsiding. VLM trends have large spatial gradients which contrasts with
the slow spatial changes in GIA, suggesting that the VLM variability is
mainly due to local land motion. Table 2 also lists the local land motion
rate at each station which varies greatly from −5.0 ± 1.0 to
0.8 ± 1.3mm/yr.

3.2. Sea level trend after removing VLM

Station SLC rates are much higher if VLM is not corrected for. Rates
during 1980–2016 range from 2.0 ± 1.5 to 5.7 ± 0.9mm/yr; Tai po

kau, Lusi, Mokpo and Jeju increase at much faster rates than others.
Tsim bei tsui, Tai po kau and NPQB stations are all in Hong Kong but
their rates have large differences. Assuming that the VLM trend found
during 1993–2016 is the same over longer periods, we calculate the sea
level trends from the tide gauge stations for two time periods: the whole
duration of observations and 1980–2016 (Table 3). After correcting for
the VLM, the average SLC rate is 1.8 ± 0.5 mm/yr for the whole
duration of observations and 2.9 ± 0.8mm/yr during 1980–2016.

4. Sea level components

4.1. Steric Sea level

We use spatial correlation between tide gauge record and the
gridded steric sea level over the North Pacific to determine the con-
trolling factors for steric signal at the tide gauge locations. Fig. 4 shows
an example of the correlations, using the Dalian station. Correlation
maps for other stations are shown in the Supplementary Information.
Before removing the seasonal cycle, the tide gauge record at Dalian is
highly correlated with the steric sea level along the Chinese coast and
North Pacific, and the correlation is reduced after removal of the sea-
sonal cycle. Correlations are higher between the tide gauge record and

Table 2
SLC trend from tide gauge and satellite altimetry during 1993–2016 (Units: mm/yr), the confidence interval is at 95% level.

SLC trend
from TGa

SLC trend from ALb rc VLM trend
(AL-TG)

VLM trend from SONELd GIAe rate LLMf rate

Dalian 4.5 ± 0.9 2.8 ± 0.9 0.88 −1.7 ± 0.9 −0.8 ± 0.4 0.44 −2.1 ± 0.9
Lusi 6.8 ± 1.9 3.2 ± 2.1 0.55 −3.6 ± 2.6 −2.6 ± 0.8 0.53 −4.1 ± 2.6
Kanmen 5.0 ± 1.3 3.7 ± 1.3 0.89 −1.3 ± 0.9 −1.3 ± 0.5 0.45 −1.8 ± 0.9
Tsim bei tsui 1.6 ± 2.1 2.6 ± 1.1 0.85 1.0 ± 1.0 0.4 ± 0.6 0.43 0.6 ± 1.0
Tai po kau 2.7 ± 1.5 2.7 ± 1.1 0.94 −0.0 ± 0.8 0.1 ± 0.5 0.41 −0.4 ± 0.6
NPQB 1.8 ± 1.6 2.7 ± 1.2 0.95 0.9 ± 0.7 N/A 0.40 0.5 ± 0.7
Zhapo 2.5 ± 1.3 3.2 ± 1.1 0.93 0.7 ± 0.8 0.8 ± 0.5 0.46 0.2 ± 0.8
Incheon 4.8 ± 3.1 6.2 ± 1.2 0.69 1.4 ± 1.3 2.0 ± 0.6g 0.56 0.8 ± 1.3
Mokpo 7.4 ± 1.8 2.9 ± 0.9 0.78 −4.5 ± 1.0 N/A 0.51 −5.0 ± 1.0
Jeju 6.5 ± 0.9 2.9 ± 0.9 0.89 −3.6 ± 0.6 −4.6 ± 0.3g 0.39 −4.0 ± 0.6
Sasebo II 4.3 ± 1.1 4.4 ± 1.0 0.95 0.1 ± 0.5 −0.5 ± 0.3 0.44 −0.3 ± 0.5
Nagasaki 4.6 ± 1.1 3.9 ± 1.0 0.95 −0.6 ± 0.5 −1.0 ± 0.3 0.41 −1.0 ± 0.5
Fukue 2.8 ± 1.0 2.8 ± 0.9 0.96 −0.1 ± 0.5 0.5 ± 0.3 0.32 −0.4 ± 0.5
Kuchinotsu 4.1 ± 1.1 2.9 ± 0.9 0.95 −1.2 ± 0.6 −0.7 ± 0.3 0.42 −1.6 ± 0.6
Akune 3.1 ± 1.0 2.2 ± 0.8 0.95 −0.9 ± 0.5 −0.3 ± 0.3 0.34 −1.2 ± 0.5
Odomari 4.3 ± 1.4 2.8 ± 1.1 0.89 −1.4 ± 0.7 −1.1 ± 0.5 0.22 −1.6 ± 0.7
Nisinoomote 3.4 ± 1.1 3.2 ± 1.2 0.96 −0.2 ± 0.5 −0.3 ± 0.3 0.18 −0.4 ± 0.5
Naha 2.6 ± 1.7 2.7 ± 1.7 0.98 0.2 ± 0.3 0.3 ± 0.2 0.10 0.1 ± 0.3
Mean 4.0 ± 1.4 3.2 ± 1.1 0.97 −0.8 ± 0.3 N/A 0.39 −1.2 ± 0.3

a Tide Gauge estimates.
b Altimetry estimates.
c Correlation between Al and TG.
d VLM estimation from SONEL (www.sonel.org) based on altimetry data provided by AVISO at 1°× 1°resolution during 1993–2014.
e ICE-6G_C_VM5a model (Stuhne and Peltier, 2015).
f Local Land Motion, calculated by VLM minus GIA.
g VLM trends from 1993 to 2013.

Fig. 3. Comparison of SLC from Altimetry and tide gauge at (a) Dalian and (b) Lusi (the blue straight line is SLC from altimetry and red dot line is from tide gauge).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the upper 700m steric sea level. Other stations have similar spatial
patterns of correlation as Dalian. That is the seasonal cycle is correlated
in the Northern Hemisphere and anti-correlated in the Southern
Hemisphere, as may be expected from the seasonal patterns of heating.
There is a stronger band of seasonal correlation slightly north of the
equator along the Pacific that may be related to seasonal precipitation
along, and movement of, the Inter Tropical Convergence Zone. Desea-
sonalized correlations maps show higher correlations around the outer
tropics (about 30°N and S), possibly related to the descending branch of
the Hadley Circulation where seasonal precipitation effects are
minimal.

The largest variations in steric sea level occur due to thermal ex-
pansion and contraction of the water column. This variability is driven
by heat fluxes and advection of water, and the wind stress (Gill and
Niller, 1973; Calafat et al., 2012; Dangendrof et al., 2014). Water ex-
change is an important contributor to the seasonal cycle of sea level in
all China Seas which receive water from the Pacific, and which are

affected by turbulent heat fluxes across their surfaces (Ichikawa and
Beardsley, 1993; Han and Huang, 2008; Qu et al., 2000, 2004; Rong
et al., 2007).

There is almost no contribution of the steric signal at coastal sites as
they are relatively very shallow, and calculating local ocean dynamics
from the steric sea level signal at the location will not provide reliable
spatial information due to boundary dynamics and the presence of fine
scale coastal features. Hence here we use the basin-mean steric sea level
of the Northwest Pacific (100–140°E, 15–40°N) as a proxy for local
steric effects on tide gauges along the Chinese Seas coastline. We cal-
culate the basin-mean steric sea level over 1950–2016. Fig. 5 shows the
low-pass filtered monthly full-depth steric sea level and upper 700m
ocean steric sea level in the Northwest Pacific basin. The full-depth
steric sea level between 1950 and 2016 increased at the rate of
0.5 ± 0.2mm/yr while upper 700m ocean rate was 0.4 ± 0.2mm/yr.
The upper ocean rate was 80% of the full depth rate. During
1980–2016, the full-depth rate increased to 0.8 ± 0.4mm/yr while

Table 3
The SLC from tide gauge records (Units: mm/yr) and after correcting for VLM, uncertainties are the 95% confidence interval.

Station Whole duration 1980–2016

Period Uncorrected Corrected Uncorrected Corrected

Dalian 1970–2016 3.5 ± 0.4 1.8 ± 0.4 3.8 ± 0.5 2.1 ± 0.5
Lusi 1967–2016 5.7 ± 0.4 2.1 ± 0.4 5.0 ± 0.9 1.4 ± 0.9
Kanmen 1959–2016 2.4 ± 0.4 1.1 ± 0.4 3.2 ± 0.7 2.0 ± 0.7
Tsim bei tsui 1974–2016 0.4 ± 1.2 1.5 ± 1.2 2.0 ± 1.5 3.0 ± 1.5
Tai po kau 1963–2016 3.2 ± 0.6 3.2 ± 0.6 5.2 ± 1.1 5.2 ± 1.1
NPQB 1950–2016 1.3 ± 0.5 2.1 ± 0.5 3.1 ± 1.0 4.0 ± 1.0
Zhapo 1959–2016 2.3 ± 0.4 3.0 ± 0.4 3.0 ± 0.7 3.7 ± 0.7
Incheon 1960–2016 1.4 ± 0.5 2.7 ± 0.5 4.0 ± 1.4 5.4 ± 1.4
Mokpo 1960–2016 3.9 ± 0.5 −0.7 ± 0.5 5.7 ± 0.9 1.1 ± 0.9
Jeju 1964–2016 5.3 ± 0.4 1.8 ± 0.4 5.7 ± 0.5 2.1 ± 0.5
Sasebo II 1966–2016 2.2 ± 0.5 2.3 ± 0.5 3.4 ± 0.6 3.5 ± 0.6
Nagasaki 1965–2016 2.6 ± 0.4 2.0 ± 0.4 3.7 ± 0.5 3.1 ± 0.5
Fukue 1965–2016 1.5 ± 0.4 1.4 ± 0.4 2.9 ± 0.5 2.8 ± 0.5
Kuchinotsu 1975–2016 3.3 ± 0.5 2.2 ± 0.5 3.9 ± 0.6 2.7 ± 0.6
Akune 1970–2016 1.4 ± 0.5 0.5 ± 0.5 2.9 ± 0.5 2.0 ± 0.5
Odomari 1965–2016 2.1 ± 0.5 0.6 ± 0.5 3.9 ± 0.7 2.5 ± 0.7
Nisinoomote 1965–2016 2.3 ± 0.4 2.1 ± 0.4 3.1 ± 0.6 2.9 ± 0.6
Naha 1966–2016 2.2 ± 0.6 2.3 ± 0.6 2.5 ± 0.9 2.6 ± 0.9
Mean 2.6 ± 0.5 1.8 ± 0.5 3.7 ± 0.8 2.9 ± 0.8

Fig. 4. The correlation between tide gauge record in Dalian and (a) steric sea level for full depth (b) steric sea level for upper 700m (c) deseasonalized steric sea level
for full depth (d) deseasonalized steric sea level for upper 700m.
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upper ocean rate increased to 0.9 ± 0.3mm/yr, 112% of the full depth
rate, so increases in steric sea level in the second half of the record were
dominated by the upper ocean. According to Ishii et al. (2006), thermal
expansion averaged over all longitudes between 60°S and 60°N ac-
counts for almost half of sea level rise during the past decade. Salinity
variability contributes much less to the steric sea level change than
temperature variability. Thus the increasing rate of steric sea level in
the Northwest Pacific basin may be attributed to warming of the upper
ocean, characterized by the rises seen in the coastal tide gauge stations
we have analyzed.

4.2. Sea level budget

For each tide gauge station during the whole period of observations,
we estimate individual contributors as well as their sum. The steric sea
level at each station is the basin-mean steric sea level covering the
overlapping years with the tide gauge record. For SLC caused by mass
change, we use data from Frederikse et al. (2018) covering 1958–2014.
Many tide gauge records extend to 2016, so we assume that the annual
mass change for 2014–2016 is the same as that for 2013–2014. Stations
that start before 1958 are excluded. The VLM trends we use are esti-
mated from altimetry minus tide gauge during 1993–2016, assuming it
remains the same for the whole duration of tide gauge records. Table 4
shows the individual contributors (Steric, Mass and VLM) and the sum
at each tide gauge station during its whole period.

Steric sea level rises at rates between 0.5 ± 0.2 and
0.9 ± 0.3mm/yr. The mass change trends are between 0.6 ± 0.1 and
1.1 ± 0.1mm/yr, and there are no large spatial differences across the

region. For most stations, steric and mass change make a similar con-
tribution to sea level rise. There are large differences in the sea level
trend contributor of VLM across tide gauge stations, with rates varying
from −1.4 ± 1.3 to 4.5 ± 1.0mm/yr.

For ten stations including Dalian, Lusi, Kanmen, Tsim bei tsui, Jeju,
SaseboII, Nagasaki, Fukue, Kuchinotsu, Nisinoomote, the sum of con-
tributors are all close to the trend of tide gauge records and the dif-
ferences are within± 0.6mm/yr. But for some others there are large
differences. The failure to close the sea level budget for each tide gauge
station over the whole observational period is due to the under-
estimation or overestimation of contributors, most likely VLM. This
because we assume the VLM trends estimated from satellite altimetry
minus tide gauge remain the same for the whole duration of tide gauge
records and VLM trends have much larger uncertainties than do steric
and mass trends in most stations. For Dalian, Lusi, Kanmen and Jeju,
the contribution of VLM is much higher than steric and present-day
mass redistribution, and the fast rate of land subsidence is the main
cause of sea level rise.

Also we estimate the sea level budget for each tide gauge location
over 1993–2016 and it is shown in Fig. 6. During 1993–2016, for Da-
lian, Lusi, Mokpo and Jeju, VLM is the main contributor to sea level
rise; while for Kanmen, Tsim bei tsui, Tai po kau, Zhapo, Incheon, Sa-
sebo II, Nagasaki, Fukue, Kuchinotsu, Akune, Odomari, Nisinoomote
and Naha, mass loss is the main source of sea level rise, the steric sea
level component has largest uncertainty. This is not due to random

Fig. 5. Low-pass monthly basin-mean steric sea level in the Northwest Pacific
basin.

Table 4
Sea level trend of contributors and their sum (mm/yr), uncertainties are the 95% confidence interval.

Time span of record Sea level contributors Sum of contributors Tide gauge record

Steric Mass VLM

Dalian 1970–2016 0.7 ± 0.3 0.6 ± 0.1 1.7 ± 0.7 3.0 ± 0.4 3.5 ± 0.4
Lusi 1967–2016 0.9 ± 0.3 0.8 ± 0.1 3.6 ± 2.6 5.3 ± 1.0 5.7 ± 0.4
Kanmen 1959–2016 0.6 ± 0.2 0.7 ± 0.1 1.3 ± 0.9 2.6 ± 0.4 2.4 ± 0.4
Tsim bei tsui 1974–2016 0.7 ± 0.3 1.0 ± 0.1 −1.0 ± 1.0 0.7 ± 0.5 0.4 ± 1.2
Tai po kau 1963–2016 0.7 ± 0.2 0.8 ± 0.1 0.0 ± 0.8 1.5 ± 0.4 3.2 ± 0.6
NPQB 1950–2016 0.5 ± 0.2 N/A −0.9 ± 0.7 N/A 1.3 ± 0.5
Zhapo 1959–2016 0.6 ± 0.2 0.7 ± 0.1 −0.7 ± 0.8 0.6 ± 0.4 2.3 ± 0.4
Incheon 1960–2016 0.7 ± 0.2 0.7 ± 0.1 −1.4 ± 1.3 0.0 ± 0.5 1.4 ± 0.5
Mokpo 1960–2016 0.7 ± 0.2 0.7 ± 0.1 4.5 ± 1.0 5.9 ± 0.4 3.9 ± 0.5
Jeju 1964–2016 0.7 ± 0.3 0.8 ± 0.1 3.6 ± 0.6 5.1 ± 0.3 5.3 ± 0.4
Sasebo II 1966–2016 0.9 ± 0.3 0.8 ± 0.1 −0.1 ± 0.5 1.6 ± 0.3 2.2 ± 0.5
Nagasaki 1965–2016 0.8 ± 0.3 0.8 ± 0.1 0.6 ± 0.5 2.2 ± 0.3 2.6 ± 0.4
Fukue 1965–2016 0.8 ± 0.3 0.8 ± 0.1 0.1 ± 0.5 1.7 ± 0.3 1.5 ± 0.4
Kuchinotsu 1975–2016 0.7 ± 0.3 1.1 ± 0.1 1.2 ± 0.6 3.0 ± 0.3 3.3 ± 0.5
Akune 1970–2016 0.7 ± 0.3 1.0 ± 0.1 0.9 ± 0.5 2.5 ± 0.3 1.4 ± 0.5
Odomari 1965–2016 0.8 ± 0.3 0.8 ± 0.1 1.4 ± 0.7 3.1 ± 0.4 2.1 ± 0.5
Nisinoomote 1965–2016 0.8 ± 0.3 0.8 ± 0.1 0.2 ± 0.5 1.8 ± 0.3 2.3 ± 0.4
Naha 1966–2016 0.9 ± 0.3 0.9 ± 0.1 −0.2 ± 0.3 1.6 ± 0.2 2.2 ± 0.6

Fig. 6. Total trend of SLC and individual contributors at each location over
1993–2016, uncertainties are the 95% confidence interval.
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noise in steric sea level but from autocorrelated processes that are not
accounted for by a simple linear fit to the time series (e.g. Fig. 5).

5. Sea level projection

We show median (50%) and 5 and 95% of sea level rise by 2100
under the RCP 4.5 and High-end RCP 8.5 scenarios relative to
1986–2005 for the 25 stations (Table 5). Fig. 7 shows projections for
sea level components and total sea level at Dalian as an example. Steric
SLC is the main source of sea level rise under both scenarios with the
Glaciers contribution second, then comes the contributions from GIS
and AIS. Land-water storage makes little contribution. GIA makes ne-
gative contributions to future sea level rise. For Dalian, sea level pro-
jected rises are> 0.4m by 2100 under the RCP 4.5 scenario and>
0.8m under the High-end RCP 8.5 scenario. The sea level projections
for other stations are quite similar to Dalian. Fig. 8(a)–(f) are the pro-
jection averaged over 25 stations at different probabilities, and shows
that under both scenarios, the steric effect is the main source of sea
level rise at all probabilities except at the high projection tail of the

High-end RCP 8.5 scenario, when the AIS makes more than half the
total contribution.

From Table 5 we can see for RCP 4.5 all station projections at 5%,
50% and 95% levels at 2100 are [32 42] cm, [48 61] cm and [64 80] cm
respectively. For High-end RCP 8.5 scenario, the projections are [48 57]
cm, [84 99] cm and [177205] cm respectively. Qinhuangdao has the
lowest sea level projections for all scenarios while Naha has the highest.
Under both scenarios, stations in Korea and Japan have higher pro-
jections than China; stations in Taiwan, Southern China and Eastern
China have higher projections than Northern China.

Future sea level projection are made at ten-year time steps, so
seasonal and annual cycles are not included. Monthly tide gauge ob-
servations record such variability and it is important for future sea level
projections. We illustrate this effect by connecting the tide gauge record
after removing VLM with future sea level projections: Fig. 9 shows
Dalian, other stations are in the Supplementary Information. Future
decadal sea level projections during 2010–2100 were linearly inter-
polated onto annual time steps.

6. Discussion

6.1. Comparison with previous studies

Chen et al. (2018) used 10 tide gauge records to study the mean
relative sea level rise along the coastline of the China Seas and found it
increases at the rates from 1 to 5mm/yr from the mid-20st century. We
calculated VLM from altimetry minus tide gauge records. The con-
sistency of the satellite altimetry and tide gauge indicates the good
quality of the high-resolution AVISO data. Large spatial differences
exist and the VLM trend varies from −4.5 ± 1.0mm/yr to
1.4 ± 1.3mm/yr. The stations along the South China Sea have an
uplifting trend as a whole. The subsidence of mainland China stations is
largely due to over-extraction of groundwater since the 1990s for the
rapidly developing coastal cities (Chen, 1997). Lusi subsides at the
fastest rate (−3.6 ± 2.6mm/yr), which contributes to the increasing
SLC trend of its tide gauge. Lusi is in Nantong City on the Yangtze River
Delta, and water from depths of 300-400m are being extracted, which
together with the sandy local environment causes severe subsidence in
this area (Ren, 1993).

We use VLM calculated from high-resolution altimetry datasets that
are within the 95% confidence intervals of estimates from SONEL
(www.sonel.org). The differences between VLM trends estimated in this
paper and SONEL come from the different altimetry products used.
Chen et al. (2018) also estimated the VLM trend using 10 tide gauge
stations over 1993–2012 with the same method, and the results were
consistent with our study. Chen et al. (2018) also compared this VLM
estimation with the few available GPS estimates which have smaller
uncertainties.

Table 5
Sea level projection at 2100 relative to 1986–2005 for 5%, 50% and 95%
probability at each station (Units: cm).

Station RCP 4.5 High-end RCP 8.5

5 50 95 5 50 95

Dalian 33 51 69 50 88 185
Qinhuangdao 32 48 64 48 84 177
Yantai 33 51 69 50 88 185
Lusi 35 52 68 50 88 187
Kanmen 39 57 75 54 95 198
Keelung II 40 58 76 55 95 199
Xiamen 36 55 73 51 92 194
Macau 38 56 73 53 92 192
Tsim bei tsui 38 56 73 53 92 192
Tai po kau 38 56 73 53 92 192
NPQB 38 56 73 53 92 192
Chi ma wan 38 56 73 53 92 192
Zhapo 40 57 74 54 93 194
Incheon 35 53 72 51 90 192
Mokpo 35 53 72 51 90 192
Jeju 36 55 74 52 92 195
Sasebo II 37 55 73 53 93 195
Nagasaki 37 55 73 53 93 195
Fukue 37 55 73 54 93 196
Kuchinotsu 37 55 73 53 93 196
Akune 40 59 77 56 98 202
Odomari 39 59 78 56 98 203
Nisinoomote 39 59 78 56 98 203
Naha 42 61 80 57 99 205
Hondau 37 54 70 51 89 188
Mean 37 55 73 53 92 194

Fig. 7. Future median (50%) sea level projection for Dalian under RCP 4.5 and High-end RCP 8.5 scenarios relative to 1986–2005.
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6.2. Uncertainties in future sea level projection

There are large uncertainties in future sea level projections with the
RCP 4.5 and High-end RCP 8.5 scenarios associated with emissions
scenarios, outputs from CMIP5 models, estimates of ice mass lost from
ice sheets in Greenland and Antarctica and GIA corrections, which have
been widely discussed in previous studies (Church et al., 2013; Kopp
et al., 2014; Jackson and Jevrejeva, 2016; Jevrejeva et al., 2016; Chen
et al., 2018). In our study sea level budgets calculated for individual
tide gauges locations provide evidence of large contributions (up to
5.0 ± 1.0mm/yr) to sea level rise from local vertical land movement
over the past 24 years. However, it is difficult to estimate future
changes in local vertical land movement and in this study we only
project changes due to GIA. For example, if the VLM in future keeps the
same rate as that over 1993–2016, i.e., assuming Lusi keeps subsiding
at 4.1 mm/yr, then sea level will rise by about 40 cm more than the
projection by the end of 2100.

If the coastal cities with large subsidence keep subsiding then they
will be much more vulnerable to future sea level rise than we ever
thought (Jevrejeva et al., 2016). Lack of GPS data in tide gauge loca-
tions is limiting our interpretation of past sea level records and in-
troducing additional uncertainties in future sea level projections.

The seasonal amplitude should be taken into consideration in future
sea level projection as it is also of vital importance for coastal defense.
In future we are aiming to estimate uncertainties due to seasonal and

interannual variability in coastal sea level, which is currently not re-
presented in outputs from CMIP5 models.

7. Conclusions

Due to the limited tide gauge records and GPS data, previous studies
are unable to explain the sea level budgets along the China Seas, most
papers have focused on the sea level change at a few stations. In our
study, we made use of 25 tide gauge records lining the China Seas. We
analyzed the sea level rise, estimating local land movement. We cal-
culated the contributions from steric and mass changes to estimate the
sea level budget of each station. Finally we made projections of future
sea level for each station unde the RCP 4.5 and High-end RCP 8.5
scenarios.

The analysis of sea level trends show that during their whole ob-
servational periods, the sea levels of 25 tide gauge stations along the
China Seas coast change at rates between −2.3 ± 1.9 and
5.7 ± 0.4mm/yr. Three stations show a falling trend and 22 stations
show an increasing trend and the rates of increase vary greatly. As there
are large spatial differences in the trend of SLC which cannot be ex-
plained by GIA, this difference is related to local land-motion. For
China, only limited and short GPS data are available, and we estimated
the VLM from satelite altimetry and the tide gauges from 1993 to 2016.
VLM varies considerably while GIA are quite similar, hence local land-
motion accounts for the large differences. After removing the VLM

Fig. 8. Future sea level projection averaged over 25 stations for 5%, 50% and 95% probability respectively under RCP 4.5 and High-end RCP 8.5 scenarios relative to
1986–2005.
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trend, the mean SLC trend demonstrate: (1) Since the 1950s, coastal sea
level rises at the rate of 1.8 ± 0.5mm/yr; (2) During 1980–2016, sea
level is rising at the rate of 2.9 ± 0.8mm/yr; (3) During 1993–2016, it
rises at the rate of 3.2 ± 1.1mm/yr.

The correlation between tide gauge records and steric sea level in
the North Pacific before and after removing seasonal cycle was used to
examine the seasonal cycle in sea levels and determine the source of
steric signal at tide gauge locations. The high correlation between tide
gauge record and steric sea level along the China Seas coast and North
Pacific is dominated by the seasonal cycle, and the correlation is higher
between tide gauge record and upper ocean steric sea level.

We used the basin-mean steric sea level of the Northwest Pacific as a
proxy for the local steric effects on tide gauge station with the present-
day mass redistribution estimated by Frederikse et al. (2018), and the
VLM trend calculated from altimetry minus tide gauge. We estimate the
contributions including steric, mass change and VLM to each tide gauge
records over the whole observational period, steric sea level contributes
up to 0.9 ± 0.3mm/yr, and ice mass loss from glaciers and ice sheets
contributes up to 1.1 ± 0.1mm/yr over the last 60 years. Contribution
from VLM ranges between −4.5 ± 1.0mm/yr and 1.4 ± 1.3mm/yr
across stations.

Finally, we made sea level projections with individual contributors
for each station under RCP 4.5 and High-end RCP 8.5 scenarios.
Projected sea level shows an increasing trend for all stations over
2010–2100 with the steric effect as the main contributor under RCP 4.5
and High-end RCP 8.5 scenarios except at 95% high end projection for
High-end, RCP 8.5 when the Antarctic ice sheet makes the main con-
tribution.
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