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Abstract
Although future sea level rise along the China coast has been projected by various studies for different representative concentration pathways
(RCPs), the projections for different warming thresholds, e.g. 1.5 �C and 2.0 �C, have not been done specifically for this region, to the best of our
knowledge. We provide such a projection here based on the climate projections of Coupled Model Intercomparison Project Phase 5 (CMIP5).
The projections are given for 20 tide-gauge stations along the coast of China, Korea, Japan, and Vietnam. Vertical land motion (VLM) is also
estimated for stations that have tide gauge records and satellite altimetry both covering the period of 1993e2018. Local land motion (LLM) is
then estimated by subtracting the land motion due to glacial isostatic adjustment (GIA) from VLM. Without considering LLM, sea level rise by
2100 at median probability is projected to be 38e49 cm relative to the average sea level over 1986e2005 under warming of 1.5 �C, and increase
to 46e57 cm when the warming threshold is increased to 2.0 �C. The steric component is the main contributor to this increase in sea level.
Inclusion of LLM will not affect the sea level increase between the two warming thresholds, but it will make the local sea level rise by 2100 at
certain locations substantially higher (up to 36 cm) or lower (up to 13 cm).
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1. Introduction

More than 600 million people are living in the low-
elevation coastal zone and the number may increase to more
than one billion in 2060 (Neumann et al., 2015). The increase
of future sea level under continuing global warming will
threaten the lives and societies in these regions. In order to
prepare for such situation, it is important to know how much
sea level rise at each local region may be expected, e.g., near
the end of this century, under different warming scenarios.
Although it is widely recognized that global warming should
be limited to 2.0 �C above preindustrial (1850e1900) level to
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avoid irreversible climate change risks (IPCC, 2018, 2019),
some of the tipping points of the Earth system might be
exceeded when global warming approaches 1.5 �C (Lenton
et al., 2019). In that regard, the Paris Agreement (UNFCCC,
2015) in 2015 tried to pursue efforts to limit the future tem-
perature rise to 1.5 �C in order to reduce the potential risks and
impacts that will be caused by climate change (Jackson et al.,
2018; Jevrejeva et al., 2018).

In hundred-year timescale, the global mean sea level rise
consists of contributions from ocean expansion, glacier retreat,
ice sheet melting, and land water storage reduction (Jackson
and Jevrejeva, 2016). Compared to the global mean, the
rises of regional sea level can be either much greater or much
smaller due to local oceanic processes, land motion, or the
change of gravitational potential due to mass redistribution
(IPCC, 2013; Jevrejeva et al., 2016). During 1993e2018, coast
of China have experienced faster sea level rise than the global
dministration). Production and hosting by Elsevier B.V. on behalf of KeAi.
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mean (Nerem et al., 2018), and are more vulnerable to
flooding associated with sea level rise than most coastal re-
gions in the world given the large population and dense in-
frastructures along the coast (Han et al., 1995; Chen, 1997; Shi
et al., 2000; Wu et al., 2003; Wang et al., 2012; Qu et al.,
2018; Jevrejeva et al., 2018). It is, therefore, of vital impor-
tance to quantify the future sea level rise along the China
coast, especially the gain in the reduction of sea level rise
when the global warming target is lowered from 2.0 �C to
1.5 �C.

Future sea level rise projections can be made based on the
climate projections by the Coupled Model Intercomparison
Project Phase 5 (CMIP5) for different emission pathways. The
methods for projecting future sea level rise can be classified
into two categories: process-based (IPCC, 2013, 2014) and
semi-empirical (e.g. Schaeffer et al., 2012). The former has
been commonly used to project future regional and global sea
level rise for different emission pathways (IPCC, 2013; Kopp
et al., 2014; Jackson and Jevrejeva, 2016; Slangen et al.,
2017), while the latter has been used to make global sea-
level projection by 2300 for emission pathways that satisfy
warming targets of 1.5 �C or 2.0 �C (Schaeffer et al., 2012;
Nauels et al., 2017; Mengel et al., 2018). Using both methods,
Jevrejeva et al. (2018) projected the global and regional sea
level rise under global warming of 1.5 �C and 2.0 �C. They
found that, at median probability, global mean sea level will
rise up to 52 cm (depending on different temperature trajec-
tories) by 2100 with a warming of 1.5 �C, while up to 63 cm
with a warming of 2.0 �C. Using similar methods, Rasmussen
et al. (2018) obtained 48 cm and 56 cm for warmings of 1.5 �C
and 2.0 �C, respectively. The difference between Rasmussen
et al. (2018) and Jevrejeva et al. (2018) is probably due to
their different choice of climate-model data. In any case, there
is significant reduction in sea level rise when warming
threshold is changed from 2.0 �C to 1.5 �C.

Future sea level rise along the China coast has been pro-
jected for different emission pathways (Qu et al., 2018; Chen
et al., 2018) and for different warming thresholds (Jevrejeva
et al., 2018). The latter, however, did not take into account
of the local land motion (LLM) and did not focus on the China
coast specifically. By LLM, we mean land motions due to
local processes that are not included in the glacial isostatic
adjustment (GIA), such as underground water extraction, local
tectonic movements etc. Rasmussen et al. (2018) obtained
similar results to those in Jevrejeva et al. (2018), but focused
on projecting the extreme sea levels under different global
warming thresholds. Kopp et al. (2014) estimated the vertical
land motion (VLM) using a statistical model and included in
their sea-level projections. However, they used a single value
for almost the whole China coast. Our main purpose here is to
make future projections of sea level rise by 2100 along the
China coast and nearby regions, such as Korea, Japan and
Vietnam, for the global warming thresholds of 1.5 �C and
2.0 �C. In doing so, we take into consideration the influence of
LLM at each of the tide-gauge stations. Before taking LLM
into consideration, sea level rise at median probability by 2100
will be 38e49 cm and 46e57 cm under 1.5 �C and 2.0 �C
warming respectively. After considering LLM, sea level rise
by 2100 at certain locations will be subjected to substantial
increase (up to 36 cm) or decrease (13 cm). We will also
analyze the contribution from each component to the differ-
ence in sea level rises between the two warming thresholds.
We find that steric component is the main contributor to future
sea level rise at all locations at median probability under both
warming scenarios.

2. Data and methods
2.1. Study area and tide gauge data
Here we select the regions located between 100� and 140�E
and, 15�‒40�N, which includes most part of the China coast
and Korea coast, and part of the Japan and Vietnam coast
(Fig. 1). Monthly tide gauge records for the selected 20 sta-
tions are downloaded from the Permanent Service for Mean
Sea level (PSMSL) (Holgate et al., 2013; PSMSL, 2017). The
records of all stations are longer than 40 years, among which
15 are between 50 and 60 years long, four are between 40 and
50 years long, and the NPQB station has the longest record of
69 years (detailed information are shown in the record of this
last station is actually merged from stations North Point and
Quarry Bay, because they have matching datum information
(Ding et al., 2001).

The timespan of records and linear trend of sea level at each
station are shown in Table 1. Here we estimate the trends and
error bars with a simple linear regression model that includes
an annual and semi-annual cycle. As the residuals of the model
used to estimate the trends usually have serial correlation,
which will cause underestimation of the true standard error,
we adjust the standard error by reducing the degree of freedom
(Dangendrof et al., 2014), following an autoregressive model
of order 1. Sea level trends of all stations along the China coast
show great spatial differences, varying from 0.8 ± 1.1 to
5.5 ± 0.4 mm per year (Table 1).
2.2. Satellite altimetry data and sea level pressure data
There is no Global Positioning System (GPS) data open to
the public in Mainland China, so the monthly satellite altim-
etry data provided by AVISO (Archiving, Validation, and
Interpretation of Satellite Oceanographic Data) are used here
in combination with the tide gauge records to estimate the
VLM trends. The monthly mean sea level anomalies measured
by satellite altimetry covering the period 1993e2018 are
provided by AVISO. They have interpolated the along-track
data onto a 0.25� � 0.25� grid. Because the satellite altim-
etry gives sea surface height relative to the reference ellipsoid,
while the tide gauge recorded sea surface height is relative to a
benchmark that is influenced by VLM, the difference between
the two can give us an estimate of the VLM trends at each
station where GPS observations are not available (Kuo et al.,
2004; Chen et al., 2018; W€oppelmann and Marcos, 2016;
Qu et al., 2018). We also check the reliability of our estimates
of VLM by comparing them to those provided by Syst�eme



Fig. 1. The spatial distribution of selected tide-gauge stations within the study area.
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d’Observation du Niveau des Eaux Littorales (SONEL: www.
sonel.org), which were calculated using similar method except
that the satellite altimetry data had a lower spatial resolution
(1� � 1�). The limitations of this indirect method of estimating
the VLM have been discussed in previous studies (e.g.
Kleinherenbrink et al., 2018).

As the sea level anomalies from AVISO have been cor-
rected for inverse barometer effects using the sea level pres-
sure (SLP) data, we need to correct all the tide gauge records
in the same way. The SLP data from NCEP/NCAR Reanalysis
datasets are used for this purpose (Kalnay et al., 1996).
2.3. Probabilistic sea-level projections by 2100
Compared to global mean sea-level change, regional sea-
level change is more complex due to spatially non-uniform
temperature and salinity changes and mass addition or sub-
traction. All these changes induce additional non-uniform sea-
level changes through deformation of the solid Earth and the
geoid; such effect is considered through the so-called ‘fin-
gerprints’ (Jackson and Jevrejeva, 2016; Jevrejeva et al.,
2018). Following Jackson and Jevrejeva (2016), regional
sea-level projection is calculated by combining all the sea-
level components using a probability density function (PDF)
method:
RSLðq;f; tÞ¼FSALðq;fÞ $STRðq;f; tÞþFGLAðq;fÞG

þFANTðq;fÞ $ANT ðtÞþFGREðq;fÞ $GR
where all F functions on the right-hand side (RHS) are fin-
gerprints associated with their respective triggering term. For
example, FSALðq;fÞ is the fingerprint for considering the ef-
fect of self-attraction and loading (SAL) induced by steric sea-
level change STRðq;f; tÞ: GLA(t), ANT(t), GRE(t) and LAN(t)
are mass changes of glaciers, Antarctic Ice Sheet, Greenland
Ice Sheet and land water storage, respectively. GIAðq;fÞ$t is
the sea-level change due to continuous glacial isostatic
adjustment induced by deglaciation since 22,000 years ago.
Here we assume all the sea level components are uncorrelated,
and a single fingerprint for the Antarctic Ice Sheet is adopted
for which a specific relationship between mass loss from West
Antarctic and East Antarctic is assumed (Bamber and
Aspinall, 2013; Jackson and Jevrejeva, 2016). Note that by
‘steric’ we mean ‘sterodynamic’ which includes both the steric
and dynamic sea-level changes, as commonly used in the
literature.

Though there are no representative concentration path-
ways (RCP) in CMIP5 specifically designed to limit warming
by 2100 to below 1.5 �C and 2.0 �C, the 5%e95% range of
warming for RCP2.6 is between 0.19 and 2.31 �C and for
RCP4.5 it is between 1.62 and 3.21 �C relative to pre-
industrial levels. These warmings are close to the tempera-
ture targets of 1.5 �C and 2.0 �C. Jevrejeva et al. (2018)
identified those model experiments in CMIP5 whose
LAðtÞ þGIAðq;fÞ $ t

EðtÞþFLWðq;fÞ $LANðtÞ ð1Þ

http://www.sonel.org
http://www.sonel.org


Table 1

The timespan of sea level records and the calculated linear trend with their 95% confidence interval at all selected tide-gauge stations (The last column shows the

linear trend corrected for VLM (vertical land motion), which is calculated only for the period 1993e2018).

Station Lon (�E) Lat (�N) Country Time span Linear trend (mm per year) Linear trend corr. for VLM (mm per year)

Dalian 121.68 38.87 China 1970e2018 3.5 ± 0.4 2.8 ± 0.4

Lusi 121.62 32.13 China 1967e2018 5.5 ± 0.4 2.3 ± 0.4

Kanmen 121.28 28.08 China 1959e2018 2.4 ± 0.3 1.4 ± 0.3

Xiamen 118.07 24.45 China 1954e2004 1.1 ± 0.6 N/A

Tsim bei tsui (HK) 114.01 22.49 China 1974e2018 0.8 ± 1.1 1.8 ± 1.1

Tai po kau (HK) 114.18 22.44 China 1963e2018 3.3 ± 0.6 3.9 ± 0.6

NPQB (HK) 114.21 22.30 China 1950e2018 1.3 ± 0.4 2.8 ± 0.4

Zhapo 111.82 21.58 China 1959e2018 2.4 ± 0.4 2.8 ± 0.4

Incheon 126.59 37.45 Korea 1960e2018 1.4 ± 0.5 3.3 ± 0.5

Mokpo 126.38 34.78 Korea 1960e2018 3.8 ± 0.5 0.6 ± 0.5

Jeju 126.54 33.53 Korea 1964e2018 5.2 ± 0.4 3.1 ± 0.4

Sasebo II 129.72 33.16 Japan 1966e2018 2.2 ± 0.4 2.2 ± 0.4

Nagasaki 129.87 32.74 Japan 1965e2018 2.6 ± 0.4 1.9 ± 0.4

Fukue 128.85 32.70 Japan 1965e2018 1.5 ± 0.4 2.1 ± 0.4

Kuchinotsu 130.20 32.61 Japan 1975e2018 3.2 ± 0.5 2.6 ± 0.5

Akune 130.19 32.02 Japan 1970e2018 1.4 ± 0.4 1.3 ± 0.4

Odomari 130.69 31.02 Japan 1965e2018 2.0 ± 0.5 1.8 ± 0.5

Nisinoomote 130.99 30.74 Japan 1965e2018 2.4 ± 0.4 2.4 ± 0.4

Naha 127.67 26.21 Japan 1966e2018 2.2 ± 0.6 2.7 ± 0.6

Hondau 106.80 20.67 Vietnam 1957e2013 2.1 ± 0.5 N/A

Mean 2.6 ± 0.5 2.3 ± 0.5
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temperature increase averaged over 2080e2100 were within
±0.21 and ± 0.28 �C of the warming targets 1.5 �C and
2.0 �C, respectively, and obtained 16 and 23 model experi-
ments for the two warming targets, respectively. Besides the
steric sea level components from CMIP5 model outputs, all
other individual sea level components have also been pro-
jected or included. The fingerprints of glaciers, Greenland Ice
Sheet (GIS) and Antarctic Ice Sheet (AIS) were from Bamber
and Riva, (2010); sea-level projection contributed by the
surface mass balance in 19 glacial regions are estimated
following Marzeion et al. (2012); the contribution of AIS
surface mass balance is estimated following Fettweis et al.
(2013), while GIS surface mass balance is estimated
following de Vries et al. (2014); the sea-level projection
contributed by the ice sheet dynamic are from IPCC AR5
(IPCC, 2013); the sea-level change due to land water storage
was from Wada et al. (2012); the sea-level change due to past
glacialeinterglacial cycles, i.e. the glacial isostatic adjust-
ment (GIA), is independent of the emission pathways and
was obtained from the ICE 6G _C (VM5a) model (Peltier
et al., 2015).

The data above have been collected by Jevrejeva et al.
(2018) and here we use the same data to estimate the proba-
bilistic sea-level projections by 2100 along the China coast
and nearby regions, with the influence of LLM considered in
addition. To project the sea level, we first derive a Burr PDF
(Burr, 1942) specific to each sea-level component at each time
slice, then we sample the PDF randomly 1000 times to get
1000 realizations of each component. The realizations are then
substituted in Eq. (1) to get 1000 realizations of the total sea
level. More details can be found in Jackson and Jevrejeva
(2016).
3. Results
3.1. Vertical land motion
VLM is an important source of local sea-level changes and
can contaminate the tide gauge records. It may be caused by
several geophysical processes such as local tectonic move-
ments, earthquakes, groundwater extraction, and GIA (IPCC,
2013; Peltier et al., 2015). Because the VLM induced by
GIA can be estimated independently by GIA models, it is
subtracted from the total VLM estimated from the differences
between the satellite altimetry (AL) and tide gauge (TG) re-
cords to obtain LLM. The LLM is calculated for 18 stations
whose tide gauge records cover the period 1993e2018, the
altimetry era.

The VLM rates are between �3.2 ± 1.8 and 1.9 ± 0.8 mm
per year (Table 2). Along the China coast, the three stations
to the north of 28�N, i.e., Dalian, Lusi and Kanmen, are all
subsiding and the four stations to the south, i.e., Tsim bei
tsui, Tai po Kau, NPQB and Zhapo, are all uplifting. The Lusi
station subsides at the fastest rate, �3.2 ± 0.9 mm per year
and the other two northern stations subside at rates at or
slightly slower than �1 mm per year. The southern stations
all uplift at moderate rates, between 0.4 ± 0.6 and
1.5 ± 1.2 mm per year. The study area as a whole does not
have the pattern of subsiding in the north and uplifting in the
south; for the stations outside China, Mokpo, Jeju, Nagasaki,
Kuchinotsu, Akune and Odomari are subsiding and Incheon,
Fukue and Naha are uplifting. Lusi, Mokpo and Jeju stations
are geographically near each other and all have large sinking
rates (Table 2), may be speculated to be due to the same
tectonic process.



Table 2

Sea level linear trend from tide gauge records and satellite altimetry over 1993e2018 (unit: mm per year), at 95% confidence interval.

Station Trend from TG Trend from AL VLM trend (AL-TG) VLM trend from SONEL GIA trend LLM trend

Dalian 4.2 ± 0.8 3.6 ± 0.8 �0.7 ± 0.6 �0.8 ± 0.4 0.44 �1.1 ± 0.6

Lusi 6.2 ± 1.1 3.0 ± 1.0 �3.2 ± 0.9 �2.6 ± 0.8 0.53 �3.7 ± 0.9

Kanmen 4.7 ± 1.2 3.8 ± 1.1 �1.0 ± 0.8 �1.3 ± 0.5 0.45 �1.4 ± 0.8

Tsim bei tsui 2.3 ± 1.8 3.4 ± 1.0 1.0 ± 1.6 0.4 ± 0.6 0.43 0.6 ± 1.6

Tai po kau 2.9 ± 1.4 3.5 ± 1.0 0.6 ± 1.3 0.1 ± 0.5 0.41 0.2 ± 1.3

NPQB 2.0 ± 1.4 3.5 ± 1.1 1.5 ± 1.2 N/A 0.40 1.1 ± 1.2

Zhapo 2.9 ± 1.2 3.3 ± 1.0 0.4 ± 0.6 0.8 ± 0.5 0.46 �0.1 ± 0.6

Incheon 2.6 ± 1.0 4.5 ± 0.9 1.9 ± 0.8 2.0 ± 0.6 0.56 1.3 ± 0.8

Mokpo 6.0 ± 1.6 2.8 ± 1.0 �3.2 ± 1.8 N/A 0.51 �3.7 ± 1.8

Jeju 5.7 ± 0.9 3.6 ± 0.9 �2.1 ± 0.7 �4.6 ± 0.3 0.39 �2.5 ± 0.7

Sasebo II 4.0 ± 1.0 4.1 ± 0.9 0.0 ± 0.5 �0.5 ± 0.3 0.44 �0.4 ± 0.5

Nagasaki 4.2 ± 1.0 3.5 ± 0.9 �0.7 ± 0.5 �1.0 ± 0.3 0.41 �1.2 ± 0.5

Fukue 2.6 ± 0.9 3.2 ± 0.8 0.6 ± 0.4 0.5 ± 0.3 0.32 0.3 ± 0.4

Kuchinotsu 3.6 ± 1.0 3.0 ± 0.8 �0.6 ± 0.6 �0.7 ± 0.3 0.42 �1.1 ± 0.6

Akune 2.9 ± 0.9 2.8 ± 0.8 �0.1 ± 0.5 �0.3 ± 0.3 0.34 �0.4 ± 0.5

Odomari 3.6 ± 1.2 3.3 ± 1.1 �0.2 ± 0.9 �1.1 ± 0.5 0.22 �0.4 ± 0.9

Nisinoomote 3.4 ± 1.0 3.4 ± 1.1 0.0 ± 0.6 �0.3 ± 0.3 0.18 �0.2 ± 0.6

Naha 2.8 ± 1.5 3.3 ± 1.6 0.5 ± 0.3 0.3 ± 0.2 0.10 0.4 ± 0.3

Mean 3.7 ± 1.2 3.4 ± 1.0 �0.3 ± 0.8 N/A 0.39 �0.7 ± 0.8

Notes: a Tide Gauge; b Altimetry; c VLM trends estimation from SONEL over 1993e2014; d ICE-6G_C_VM5a model (Peltier et al., 2015); e Local Land Motion

(LLM), calculated by VLM minus GIA; f VLM trends over 1993e2013.
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Compared to GIA, which has a smooth variation between
0.1 and 0.56 mm per year (ICE-6G_C_VM5a model; Peltier
et al., 2015), the VLM rates show a much larger spatial vari-
ation (Table 2). As a result, the LLM also exhibits a large
spatial variation, between �3.7 ± 1.8 and 1.3 ± 0.8 mm per
year. Assuming VLM trends calculated for the period
1993e2018 remain the same over the whole observational
period, the SLC rates for the 18 tide-gauge stations are cor-
rected for VLM. The spatially averaged SLC rate is
2.6 ± 0.5 mm per year and 2.3 ± 0.5 mm per year before and
after correction, respectively (Table 1).

According to our estimates above, the LLM rates are
generally much greater than GIA and contribute a large frac-
tion to the past sea-level changes at a few stations. However, it
is uncertain how the LLM will change in the future. Here we
assume that the LLM rate at each tide-gauge station remains
the same for 2019e2100 as that over 1993e2018. The
contribution to the projected sea-level changes at year 2100 by
LLM at each station is presented in Fig. 2. The values vary
between �13 to 36 cm, certainly not negligible if local sea-
level projections are to be made properly.
3.2. Future sea-level projection in 2100 under warming
of 1.5 �C and 2.0 �C
Table 3 shows the projected sea level in 2100 relative to
1986e2005 for the 20 stations at the median (50%), 5% and
95% probabilities under warming of 1.5 �C and 2.0 �C over
the period of 2080e2100. The effect of LLM is not included
in the numbers in Table 3. From the table we can see that
under warming of 1.5 �C, the sea-level changes are between
14 and 22 cm, 38e49 cm, and 61e75 cm at 5%, 50% and
95% probabilities, respectively. Under warming of 2.0 �C, the
corresponding sea-level changes become 21e28 cm,
46e57 cm, and 72e86 cm, respectively, a quite large in-
crease. When the warming target is relaxed from 1.5 �C to
2.0 �C, the mean sea level rise averaged over all stations
increases by 6, 6 and 10 cm for the 5%, 50% and 95%
probabilities, respectively, and the sea level rises for the
median probability will increase by 8 cm at 6 of the 20 sta-
tions, 7 cm at 7 of them, 6 cm at 5 of them, and 5 cm at the
rest 2. Dalian station has the smallest projected sea level rise
across 20 stations for both warming scenarios while Naha has
the highest.

The spatial pattern of sea level rise for the 1.5 �C warming
scenario is shown in Fig. 3. Clearly, the Bohai Sea and Yellow
Sea experience less sea level rise than other regions. When the
warming limit is relaxed from 1.5 �C to 2.0 �C, the relative
changes in Bohai Sea are the largest, reaching approximately
50%, 23% and 18% for projections at 5%, 50% and 95%
probabilities, respectively (Fig. 3). The relative changes in sea
level rise become smaller moving towards Southern China and
Vietnam. This means that Northern China, western coast of
Korea will be impacted relatively more severely when the
warming target is relaxed from 1.5 �C to 2.0 �C.

The sea-level changes in 2100 are relatively smooth across
all stations when the LLM is not considered (Table 3). When
the LLM is added into the future sea-level projection, the
spatial variability increases substantially (Fig. 4); the projected
sea level rises at median probability could be larger than
80 cm at Lusi and Mokpo while less than 40 cm at Incheon.
Because LLM is not dependent on the warming scenarios,
inclusion of LLM into sea-level projections also changes the
ratios in Fig. 3 considerably since it affects the denominator
but not the numerator. For example, the projected sea level rise
(at median probability) at Lusi station for warming threshold
of 2.0 �C is 17% larger than that for warming threshold of
1.5 �C before LLM is taken into account, but it is reduced to



Fig. 2. Sea level change (SLC) caused by local land motion (LLM) at 2100 at each station.
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9% when LLM is taken into account; for the Incheon station,
the ratio increases from 17% to 24%.
3.3. Contributors to rising sea levels
The projection of total as well as component sea level rise
for the median probability at Dalian is shown in Fig. 5 as an
Table 3

Projected sea level rise at 2100 relative to 1986e2005 for different proba-

bilities at each station (unit: cm; effect of LLM is not included in these

numbers).

Station 1.5 �C 2.0 �C

5% 50% 95% 5% 50% 95%

Dalian 14 38 61 21 46 72

Lusi 16 41 65 22 48 74

Kanmen 20 46 71 26 53 81

Xiamen 17 42 67 22 49 77

Tsim bei tsui 19 45 69 25 51 78

Tai po kau 19 45 69 25 51 78

NPQB 19 45 69 25 51 78

Zhapo 19 45 70 25 51 78

Incheon 17 42 66 23 49 76

Mokpo 17 42 66 23 50 76

Jeju 18 44 69 24 51 78

Sasebo II 18 44 69 22 49 77

Nagasaki 18 44 69 22 49 77

Fukue 18 44 69 23 51 78

Kuchinotsu 18 44 69 22 49 77

Akune 19 46 72 25 54 82

Odomari 19 46 72 26 54 83

Nisinoomote 19 46 72 26 54 83

Naha 22 49 75 28 57 86

Hondau 18 42 66 23 49 75

Mean 18 44 68 24 50 78
example. Some components have nonlinear variations with
time at this location, but the rankings of their contribution to
total sea level rise remain the same for the whole period from
2010 to 2100. The main contributor to the future sea level rise
at this station is the steric component under both warming
scenarios, and the second largest contributor is the glacier
melting. Under warming of 1.5 �C, the contribution of the
steric component is only slightly larger than that of the gla-
ciers, while under warming of 2.0 �C, the former becomes
much larger than the latter. The third and fourth contributors to
the sea level rise are the melting of the Greenland ice sheet and
the Antarctic ice sheet. Land water storage has negligible
contribution to the total sea level rise. Opposite to the other
contributors, GIA is a negative contributor to future sea level
rise.

The relative contributions of components to the total sea
level rise at other stations in the study area are quite similar to
those at Dalian. Contributions of all components to future sea
level rise in 2100 for 1.5 �C and 2.0 �C warming scenarios at
median probability for all tide-gauge stations are presented in
Fig. 6. The steric component is the largest and the glacier
component the second largest contributor to total sea level rise
for almost all tide-gauge stations, the only exception is the
Hondau station at which the glacier has a larger contribution
than the steric component for the 1.5 �C warming scenario
(Fig. 6a). From this figure, it can be seen that Dalian station
has a smaller sea level rise than all other stations for the 1.5 �C
warming scenario because of its small steric, glacier and land-
water-storage components. However, its steric component in-
creases a lot when the warming limit is relaxed to 2.0 �C,
catching up with those at other stations. The large sea level
rise at Akune, Odomari, Nisinoomote and Naha stations for



Fig. 3. The left column (a,c,e) are the projected sea level rise at 2100 relative to 1986e2005 under warming of 1.5 �C; the right column (b, d,f) are the relative

changes in sea level rise between warmings of 2.0 �C and 1.5 �C.
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the 2.0 �C warming scenario are mainly due to the large steric
component and small (negative) GIA component (Fig. 6b).

Neither the LLM nor the GIA contributes to the difference in
sea level rise between warming thresholds of 1.5 �C and 2.0 �C,
Fig. 4. Projected sea level rise in 2100 relative to 1986e2005 at median probabilit
while all the other components contribute to this difference. The
fractions of contribution of each component at all stations for
the median probability projection are presented in Fig. 7.
Consistent with the ranking of component contributions to the
y (50%) for each station (The local land motion has been taken into account).



Fig. 5. Future total and component sea-level rise projections for Dalian station at median (50%) probability relative to 1986e2005 for (a) 1.5 �C and (b) 2.0 �C
warming scenarios.
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total sea level rise under both warming scenarios, the steric
component, the glacier retreating and GIS melting remain the
top three contributors to the difference in sea level rise between
the two warming scenarios. The change in mass balance of GIS
contributes positively to future sea level rise with warming from
1.5 �C to 2.0 �C due to the increase in ablation that outweighs
increase in accumulation associated with snowfall. However,
when the warming target is relaxed from 1.5 �C to 2.0 �C, the
mass loss of AIS may decrease (for the timescale of interest
here) and contributes negatively to the sea level rise. In the 21st
century, the ablation of AIS is projected to be small due to the
low surface temperature that inhibits surface melting, except the
areas close to the coast and on the Peninsula (Ligtenberg et al.,
2013), making the increase in snowfall within its extensive
interior area dominant (Krinner et al., 2007; Uotila et al., 2007;
Bracegirdle et al., 2008).

The projected total as well as component sea level rise
averaged over the China coast is shown in Fig. 8 for all three
probabilities and both warming scenarios. The ranking of
component contributions to the total sea level rise for the me-
dian probability projections (Fig. 8b and e) are similar to that in
Fig. 5, where the results for a single station is shown. Unsur-
prisingly, the GIA has a negative contribution in all cases in
Fig. 8. The contributions of both land-water storage and AIS
change from negative values in the 5% probability projection to
positive values in the 95% probability projection, reflecting the
very poor agreement among models in predicting the evolution
of these two components, especially the AIS. The steric
component remains the largest contributor to sea level rise as in
Fig. 5, except in the 5% probability projection where the mass
loss from glaciers has the largest contribution (Fig. 8a and d).

4. Discussion
4.1. Uncertainties in local land motion and future sea-
level projection
The VLM or LLM in this study is estimated from the dif-
ference in the rates of sea level measured by satellite altimeter
and tide gauge during the period of 1993e2018. The estimated
rates of VLM have a large spatial variability, and vary between
�3.2 ± 1.8 and 1.9 ± 0.8 mm per year among all stations. In
China, Lusi subsides at the fastest rate of 3.2 ± 0.9 mm per
year. Lusi is located in the Yangtze River Delta, underground
water extraction together with the local sandy environment can
cause severe subsidence (Ren, 1993). The rates of VLM at
about half of the stations are similar in magnitude to the rate of
global mean sea level rise, therefore, should be estimated
accurately in order to get reliable future local sea level rise.
Unfortunately, the error in the estimated VLM is hard to es-
timate using another independent method due to lack of
relevant GPS data in mainland China. However, studies in
other regions have shown that this indirect VLM estimation
method gives reasonable results (e.g., Kleinherenbrink et al.,
2018). Our estimation of VLM is overall consistent with
those estimated by Qu et al. (2018) and Chen et al. (2018) with
the same method for slightly shorter periods, 1993e2016 and
1993e2012, respectively.

How LLM will change in the future is an important ques-
tion for which there is still no good answer. Tectonic processes
are on million-year timescale, so its influence on rate of SLC
might be treated as constant on hundred-year timescale. The
sediment compaction may also be considered to be a relatively
stable process on hundred-year timescale. However, the
earthquake and groundwater extraction are hard to predict for
the future. This uncertainty in LLM causes uncertainty in the
projected future sea level rise.

The projection of other sea level components relies on
climate projections by CMIP5 models, and estimation of ice
losses from glaciers and ice sheets. These could all have large
uncertainties as have been widely discussed previously (IPCC,
2013; Kopp et al., 2014; Jackson and Jevrejeva, 2016;
Jevrejeva et al., 2016; Qu et al., 2018), and give the large range
of sea level rise between projections for 5% and 95% proba-
bilities. Moreover, the CMIP5 as well as the newly available
CMIP 6 model experiments are not designed specifically to
achieve warming targets of 1.5 �C and 2.0 �C. The un-
certainties can be narrowed down when more model results are



Fig. 6. The contributions of all components to sea level rise in 2100 relative to 1986e2005 for (a) 1.5 �C and (b) 2.0 �C warming scenarios at median probability.
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available, especially those designed for the same purpose as
pursued here. Our next step will be to incorporate the model
data from CMIP6.
4.2. Potential risks under the two warming scenarios
Coastal sea level rise can cause the increasing potential
risks of several hazards including shore-line erosion, wetland
inundation, and coastal flooding during storm events, which
have significant influences on the enormous number of coastal
communities around the world (Passeri et al., 2015). Jevrejeva
et al. (2018) made use of the Dynamic Interactive
Vulnerability Assessment (DIVA) modelling framework to
compute the impact of future sea level rise, and found that
China will pay for the largest cost of flooding under warming
of 1.5 �C, which is one order of magnitude larger than those
paid by Japan and the USA. With warming increased from
1.5 �C to 2.0 �C, the changes in sea level rise could result in an
increase in annual cost of 0.4 trillion USD for China (Jevrejeva
et al., 2018). However, their estimate was based on sea level
rise without including the influence of LLM. As shown here,
the LLM is spatially highly variable and is large at certain
locations. Therefore, the economic cost due to sea level rise
may need to be re-estimated in the future.



Fig. 7. The fractional contributions of all components to the difference in sea level rise in 2100 relative to 1986e2005 between warming scenarios of 2.0 �C and

1.5 �C. The example shown here is for the median probability (The numbers add up to 100% for each column; the contribution of Antarctic Ice Sheet at warming of

2.0 �C is negative compared that at warming of 1.5 �C (light blue bar at the bottom of each column)).

Fig. 8. Projected total and component sea level rise by 2100 relative to 1986e2005 averaged over the China coast for 5%, 50% and 95% probabilities under

warming scenarios of 1.5 �C and 2.0 �C.
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5. Conclusions

We project the total sea level rise by 2100 as well as the
contributions from each component at 20 tide-gauge stations
along or near China coast under warmings of both 1.5 �C and
2.0 �C. Especially, the LLM at each station, an important
contribution to local sea level rise, is also estimated. Before
LLM is taken into account, the future sea level rises relative to
the average sea level over 1986e2005 at 5%, 50% and 95%
probabilities are [14, 22] cm, [38, 49] cm and [61, 75] cm in
2100, respectively, if the warming is limited to 1.5 �C, but will
increase to [21, 28] cm, [46, 57] cm and [72, 86] cm,
respectively, if the warming threshold is increased to 2.0 �C.
The projected sea level rise does not differ greatly across
stations within the study area. The LLM, although does not
affect the increase in sea level between the two warming
scenarios, can have a large impact on the projected sea level
rise under each of the warming scenarios at certain locations.
For example, for a median probability projection under
warming of 1.5 �C, an additional rise of sea level by 36 cm at
stations Lusi and Mokpo and a reduced rise of sea level by
13 cm at station Incheon will be caused by LLM.

For the median probability projections under both warming
scenarios, the steric component is the largest contributor to
future sea level rise at all stations. The second to fourth largest
contributors are the glaciers, GIS and AIS. Change of land
water storage contributes little to the total sea level rise. GIA
makes a negative contribution to future sea level rise in the
whole region. Steric is also by far the largest contributor to the
increased sea level rise when the threshold of warming is
changed from 1.5 �C to 2.0 �C, and is followed by the
contribution of the glaciers and GIS.
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