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ABSTRACT

Globally variable ocean and atmospheric dynamics lead to spatially complex seasonal cycles in sea level. The
China Seas, that is the Bohai, Yellow, East China and the South China seas, is a region with strong seasonal
amplitudes, and straddles the transition between tropical and temperature zones, monsoonal and westerlies, shelf
and deep ocean zones. Here we investigate the drivers for seasonal variability in sea level from tide gauge re-
cords, satellite altimetry along with output from the NEMO (Nucleus for European Modeling of the Ocean) model
including sea surface height and ocean bottom pressure along with meteorological data in the China Seas. The
seasonal cycle accounts for 37% - 94% of monthly sea level variability in 81 tide gauge records, ranging from 18
to 59 cm. We divided the seasonal cycles into four types: 1) an asymmetric sinusoid; 2) a clearly defined peak on
a flat background; 3) a relatively flat signal; 4) a symmetric co-sinusoid. Type 1 is found in northern China and
Taiwan, Korea, Japan and The Philippines where Inverse Barometer (IB) effects dominates seasonality along with
a steric contribution. The seasonal monsoon associated with barotropic response and freshwater exchange play
important roles in type 2, (eastern and southern Chinese coasts), type 3 (East Malaysia) and type 4 (Vietnam and
Gulf of Thailand). IB corrected seasonal cycle amplitudes are larger in continental shelf areas than the deep
ocean, with a maximum in the Gulf of Thailand, and NEMO underestimates the seasonal amplitude along the
coast by nearly 50%.

1. Introduction

2015; Feng et al., 2015). Seasonal sea level variability may be driven by
a variety of mechanisms including: atmospheric pressure and winds;

The severity of coastal flooding often depends on the phases of large
amplitude seasonal cycles in local sea level (Wahl et al., 2014; Amir-
uddin et al., 2015). Accurate future coastal sea level projections require
detailed understanding of seasonal variability (Qu et al., 2019). Seasonal
differences in sea level at individual locations are up to 0.6 m, which is
larger than projected sea level rise by 2070 under the IPCC RCP8.5
scenario (Jevrejeva et al., 2019; Qu et al., 2019). Thus, understanding
and being able to model seasonal sea level variability will greatly aid
coastal communities in being prepared for extreme coastal flooding
events and therefore inform strategies to mitigate the associated impacts
(Feng et al., 2015).

Significant efforts have been made to elucidate the drivers and
mechanisms contributing to seasonal sea level variability (Menendez
et al., 2009; Dangendorf et al., 2012; Wahl et al., 2014; Amiruddin et al.,

precipitation; river runoff; seasonal ice melting; ocean circulation
changes; and variations in steric height from changes in sea level driven
by expansion or contraction of the water column above the seasonal
thermocline in response to heat flux and water exchange with the at-
mosphere (Gill and Niiler, 1973; Tsimplis and Woodworth, 1994).
Glacio-isostatic forcing contributes little to the seasonal variability
(Pugh and Woodworth, 2014) and hence is neglected in this study.
The forcing factors driving sea level vary between regions (Dan-
gendorf et al., 2012; Amiruddin et al., 2015; Feng et al., 2015). Tide
gauge records from Cuxhaven in the North Sea show that on seasonal
timescales, the variability is due mainly to wind stresses; sea level
pressure and precipitation are smaller but also significant factors
(Dangendorf et al., 2012, 2013). In the South China Sea, monsoon sea-
son winds are the main drivers of seasonal sea level variability along the
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Gulf of Thailand (Saramul and Ezer, 2014; Amiruddin et al., 2015). In
the deeper parts of the South China Sea, the steric component of sea level
dominates variability whereas the mass component is dominant in the
shallow waters (Cheng and Qi, 2010), while in the open ocean especially
eddy-rich regions, the monthly sea level is mainly driven by mesoscale
eddies (Feng et al., 2015).

High-resolution NEMO model simulations along with satellite
altimetry provide global coverage of sea level observations which can be
used to explore the seasonal sea level variability. Fig.1 shows the annual
amplitude and phase globally from satellite altimetry and the NEMO
model for the period 1993-2012. The largest amplitudes are associated
with western boundary currents such as in the Kuroshio and Gulf Stream
regions, and within the tropical Pacific and Indian Oceans (Vinogradov
et al., 2008), but also along shallow semi-enclosed, and coastal areas,
including the China Seas. China itself has 32 thousand kilometres of
coastline including 18 thousand kilometres of mainland and 14 thou-
sand kilometres of island coast. Many large cities are located along the
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coast both in China and neighboring countries, with ever-increasing
populations and economically important infrastructure (Jevrejeva
et al., 2016; Abadie et al., 2020). There are also globally significant
coastal wetlands and ecosystems that are particularly sensitive to sea
level rise (Woodruff et al., 2013). High amplitude seasonality makes it,
and neighboring countries vulnerable to sea level rise. Thus, it is soci-
etally relevant to determine the drivers of this seasonal variability in sea
level around the China Seas and how they relate to the complex
oceanographical and meteorological conditions.

Previous studies of the seasonal sea level cycle on a regional or global
scale are usually based on tide gauge records or satellite altimetry. The
former is sparsely distributed and though the latter provides a near
global coverage, it only covers a relatively short period. NEMO model
outputs provide high resolution simulation of sea surface height and
ocean bottom pressure at global scale since the 1950s, allowing
extended spatial resolution and temporal assessment. In this study, we
analyze the seasonal sea level cycle around the China Seas using
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Fig. 1. Global annual amplitude of the sea level from a) satellite altimetry (AL), ¢c) NEMO model outputs (NEMO), and e) satellite altimetry minus NEMO; and global
annual phase of the sea level from b) satellite altimetry, d) NEMO model outputs, and f) satellite altimetry minus NEMO from 1993 to 2012. Phases are expressed in
days, and zero phase is the middle of January. The study area is marked by black rectangles.
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observational datasets including tide gauge records, satellite altimetry,
reanalysis datasets, observational temperature and salinity data. We
divide the seasonal cycles of all tide gauge records around the China Seas
into different types according to their characteristics of seasonal cycles,
geography and associated drivers of seasonal sea level variability. We
quantitatively explore results from NEMO model simulations of sea
surface height to differences in sea surface height offshore and in the
deep ocean. The assimilation of observational datasets and model sim-
ulations analyzed with some novel methods allows elucidation of the
seasonal variability in the globally important and sensitive China Seas
region.

2. Data

In this analysis, several datasets from different sources were used. We
used monthly tide gauge records from 81 locations obtained from the
Permanent Services for Mean Sea level (PSMSL) (Holgate et al., 2013;
Permanent Service for Mean Sea level (PSMSL), 2017). The 81 stations
are shown in Fig.2 and their record durations in Fig.3. North Point and
Quarry Bay in Hong Kong have identical locations (Ding et al., 2001), so
we merged them into one time series and rename it as NPQB.

Climatic and meteorological factors were characterized by monthly
mean sea level pressure, monthly surface zonal (u) and meridional (v)
winds at the 10 m level from NCEP/NCAR Reanalysis datasets (https
://psl.noaa.gov/data/gridded/data.ncep.reanalysis.-derived.surfacef
lux.html; Kalnay et al., 1996; Compo et al., 2011).

We utilized high-resolution (0.25° x 0.25°) monthly satellite altim-
etry data spanning 1993 to 2016 from AVISO (Archiving, Validation,
and Interpretation of Satellite Oceanographic Data). The dataset is a
merged product consists of monthly averaged sea level anomalies from
multi-mission gridded sea surface height anomalies including T/P,
Jason-1&2, Envisat, ERS-1&2, Cryosat-2 et al. Standard corrections for
oceanic and atmospheric dynamics have been made including the ocean
tide, the pole tide, the ionospheric correction, the dry and wet tropo-
spheric correction, and the dynamic atmospheric correction (Carrere
and Lyard, 2003; Feng et al., 2015).

We used EN4.2.0 quality-controlled monthly ocean temperature and
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Fig. 2. The bathymetry map of the study area showing the location of tide
gauge stations around the China Seas (numbered, red points). The archetypal
locations for Types 1 to 4 are shown by purple stars. (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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Fig. 3. The time spanned by each tide gauge record.

salinity datasets (Good et al., 2013), in which biases from mechanical
bathythermograph and expendable bathythermograph profiles were
corrected following Gouretski and Reseghetti (2010).

High-resolution (1/12° x 1/12°) NEMO (Marsh et al., 2009) simu-
lations of sea surface height from the NOO6 run at the National Ocean-
ography Centre, on the ORCA 1/12° tripolar grid (Hughes et al., 2018)
were used to study seasonal variability. The Drakkar Surface Forcing
data set was used for surface air temperature, surface radiative heat
fluxes, humidity, winds and precipitation to force the model (Brodeau
et al., 2010; Dussin et al., 2014). Tides are not taken in to account. More
details can be found in Moat et al. (2016) and Hughes et al. (2018). No
atmospheric pressure forcing was included in the simulation, so the
simulated sea surface height can be regarded as inverse barometer-
corrected dynamic topography. The NEMO model simulations covered
the period 1959-2012, the simulation output is 5-day averages starting
at the beginning of every year, and we calculate monthly mean sea
surface height to define seasonal cycles.

3. Methods

To estimate the harmonic parameters of the annual and semi-annual
sea level cycles, we removed the linear trend and the mean of times
series and then estimated annual and semi-annual harmonics following
Amiruddin et al. (2015) using a least squares fit to the residual monthly
sea level M:

2r 2n
Mancos(m(tfPa)) +Amcos(m (tme)) D

where A and P refer to amplitude and phase of the harmonic and the
subscripts a and sa refer to annual and semi-annual components, and t is
time in sidereal days which is running in the sequence 15, 45, 75, etc.
Phases are expressed in days, and zero phase is the middle of January.

The total sea level is the sum of three subcomponents: the barometric


https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.-derived.surfaceflux.html;
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.-derived.surfaceflux.html;
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.-derived.surfaceflux.html;
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term, the steric term and the contribution from ocean bottom pressure:

=My + Nyteric T My 2

n is the total sea level, 7, is the contribution from barometric effects
to sea level, #seric is the contribution from steric and 7 is the contribu-
tion from ocean bottom pressure.

The inverse-barometer effects can be corrected following:

Pa
8Po

N, = — 3

Dq is the atmospheric surface pressure, pg is the reference density

(1025 kg/m?’) of sea water,
g is the acceleration of gravity.
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Depth-integrated steric sea level (#seri) wWas computed from the
density profile over depth, z, which we derived from gridded potential
temperature and salinity data following (Dangendorf et al., 2014):

0
1
e = = [ (0= @
Po Sy

Where p is in situ density computed from temperature (T) and
salinity (S) observations with the TEOS-10 software (McDougall and
Barker, 2011), p is the time averaged density over the whole record
duration, and H is the basin depth below mean sea level.

The sea surface height (h) from NEMO is the sum of variations
associated with ocean bottom pressure p, and steric height (®). We
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Fig. 4. The month of maximum (a), minimum (b) sea level, the annual range (c), and (d) four types of seasonal cycle (see text), for 81 tide gauge records over the
maximum time span of each record during the NEMO-modelled period of 1959-2012.
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extract the steric sea level as:

o=n-L2r 5)
Po8
To explain variability of seasonal cycle in each tide gauge record, we
a adopt multiple linear regression.

Y= ZR,-Xi +K 6)

Where Xji_1,3) are the time series of the three meteorological
forcing factors: zonal (W,) and meridional (W,) wind stress, and sea
level pressure (SLP), R; denotes the regression coefficients of the X; with
Y, Kis a constant, and Y is the sea level time series at a particular station.
We used forcing factor time series from within the area of +4° around
each tide gauge location. We selected the best performing of all possible
combinations of forcing factors based on the F-statistic, with no prior
assumptions about what meteorological forcing factors should be
included (Moore et al., 2006, 2019). We then estimate the power of the
leading forcing factors in explaining sea level as

S, = R,CioX; /oY %)

Where Sj—1,2,3) is the fractional contribution from each forcing to
the total variance of the sea level, 6Xji—1,23) denotes the standard de-
viation of X; and ¢Y denotes the standard deviation of the sea level time
series. C; denotes the correlation coefficients of the X; with Y. The raw
monthly and annual sea level curves and forcing factors for 4 arche-
typical stations are shown in Figs. S1 and S2.

The mixed layer depth (MLD) was calculated following Kara et al.
(2000) using EN4.2.0 temperature and salinity data. We take tempera-
ture at 10 m depth as the reference and define the mixed layer as the
depth at which the temperature change from the reference temperature
is1°C.

4. Results
4.1. The seasonal sea level cycle from tide gauge records

The seasonal cycles for each of the 81 records are shown in Fig. S3.
Fig. 4 summarizes the information on timing of maximum (Fig. 4a),
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minimum (Fig. 4b) sea level, and its annual range (Fig.4c). To simplify
the geographical distribution of the seasonality, we characterized the
stations into four types, colour-coded in Fig. 4d. An archetype of each is
shown in Fig. 5. Dalian (Fig. 5a) exemplifies the seasonal cycles of Type
1 stations in northern China and Taiwan, Korea, Japan as well as The
Philippines. Maximum sea level occurs mostly in August and the mini-
mum mostly in January. Type 2, exemplified by NPQB (Fig. 5b), have a
seasonal sea-level with a relatively flat annual range, no obvious mini-
mum between January to August, but a clearly defined peak in October.
Type 3 stations have much less seasonality with no obvious maximum or
minimum, for example Labuan II (Fig. 5¢). The fourth type of seasonal
cycle is a symmetric cosine cycle with a well-defined maximum and
minimum. Geting in Gulf of Thailand (Fig. 5d) is an example of Type 4,
with its peak in sea level in December and minimum in June.

The annual range of tide gauge records varies greatly across the 81
stations (shown in Table S3) from 18 to 59 cm. Qinhuangdao (No.3) and
Tanggu (No.4) in the northern China have the largest ranges among all
stations, while stations in East Malaysia have the smallest ranges which
are all below 20 cm, the average range for all stations is 33 cm.

Inverse-barometer (IB) is primarily a static oceanic response to
fluctuating atmospheric pressure loads (Wunsch and Stammer, 1997); a
1 mb increase of barometric pressure leads to a sea level fall of about
0.01 m. Table 1 shows the amplitude and phase of the annual and semi-
annual harmonics at four typical stations before and after IB correction
over the maximum time span within 1950-2012. The amplitude and
phase of the annual and semi-annual harmonics from 81 observed tide
gauge records are shown in Table S2. The harmonics are estimated from
eq. 1. Type 1 station Dalian (No.1) has the amplitude of 24 cm before IB
correction, and decreases to 15 cm after removing IB effects. Type 2
station NPQB has the amplitude of 11 cm before IB correction and in-
creases to 15 cm after removing IB effects. Type 3 station Labuan II and
Type 4 station Geting show slightly increase after IB correction.

The annual amplitudes present large variability on spatial scales
before removing IB effects (shown in Table S2), Qinhuangdao (No.3)
and Tanggu (No.4) in the Northern China have a maximum amplitude of
29 cm, Nansha (No.28) has a minimum amplitude of 6 cm, while the
average amplitude across all records is 15 cm. The northern China and
Taiwan, Korea, Japan and The Philippines have relatively higher
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Fig. 5. Archetypes of the four modes of seasonal cycle. The gray lines are individual yearly records, and the thick black line is the averaged seasonal cycle. The blue
line is the seasonal cycle of the inverse barometer (IB) correction. The red line is the seasonal cycle of sea level after removing IB effects. (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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Table 1
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Seasonal harmonics from observed tide gauge record and IB corrected tide gauge records at the four archetypal stations (Nos. 1, 18, 69 and 72) over the maximum time
span within 1959-2012. The uncertainty range is the 95% confidence interval for amplitude and phase. The variance explained refers to Eq. 1.

Observed tide gauge

IB corrected tide gauge

Annual Semi-annual Explained Annual Semi-annual Explained
Vari

Type Aa Pa Asa Psa a:;: )nce Aa Pa Asa Psa Variance
(cm) (days) (cm) (days) (cm) (days) (cm) (days) (%)
1 23.8+0.7 194 £ 2 21+0.7 32+9 90 14.5 £ 0.7 212+ 3 2.5+ 0.7 40+8 78
2 11.1 £ 0.8 289 + 4 54+0.8 75+ 4 58 15.0 + 0.8 317 +£3 5.8+ 0.8 78 £ 4 73
3 7.7 +1.1 298 + 8 35+1.1 109 +£9 54 7.8+ 1.0 298 +£7 3.2+ 1.0 108 £9 58
4 22.6 £0.9 349 + 2 49+0.9 117 £ 6 88 23.6 £ 0.9 349 £ 2 4.6+0.9 119+ 6 89

amplitude than the South China Sea with most values over 20 cm, with
slightly lower amplitudes in the Gulf of Thailand. After correcting for IB
effects, the changes of annual amplitudes due to IB correction varies
from —11 to 5 cm across stations, the largest increase is from 11 to 16 cm
at Tai Miu Wan in Hongkong (No.19) and Zhapo (No.23) while the
largest decrease is from 29 to 17 or 18 cm at Qinhuangdao (No.3) and
Tanggu (No.4) in northern China. For most stations in northern China
and Taiwan, Korea, Japan and The Philippines, there are large decreases
in the annual amplitude, which indicates that IB effects plays an
important role in these areas. After correcting for IB effects, the highest
annual amplitude is found in Geting (23.6 cm), in the Gulf of Thailand.
The phase of the annual cycle is typically delayed by the IB correction,
and by up to 51 days at the Type 2 station Beihai (No.24), in the northern
South China Sea. The changes of semi-annual amplitude caused by IB
correction is much smaller compared with annual amplitude in most
stations but still shows considerable differences, Zhapo (No0.23) in the
northern South China Sea presents the highest semi-annual amplitude of
7 cm.

Correcting for IB effects decreases the variance explained by the
seasonal harmonics of eq. 1 by 3% ~ 30% (Table S2) for stations of Type
1, but increases variance accounted for at most stations of Type 2.

4.2. Atmospheric factors controlling the seasonal sea level cycle

We begin an exploration of the factors leading to the four types of
seasonal cycle discussed earlier with the IB effects caused by pressure
and the wind stress.

The monthly SLP (sea-level pressure) and average wind direction are

Table 2
Correlations between monthly mean sea level from tide gauge (TG), monthly
SLP, monthly zonal (uwind) and meridional (vwind) winds.

Type 1 Type 2 Type 3 (Labuan Type 4

(Dalian) (NPQB) 1) (Geting)
TG, SLP —0.66 0.68 —0.50 0.77
TG, uwind —0.79 —0.78 0.74 —0.92
TG, vwind 0.70 —-0.85 -0.28 —0.96
SLP,uwind 0.64 -0.77 —0.45 —0.84
SLP, vwind —0.82 —0.82 0.14* -0.79
uwind, -0.79 0.77 -0.24 0.92

vwind

Correlations listed are the highest for the grid points within +4° of the station.
" Correlation is not significant at the 95% level.
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Fig. 6. The average monthly wind direction (arrows) and sea level pressure (colour bar) over 1959-2012. Each panel presents the months from January (J) to
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shown in Fig. 6. Table 2 shows the correlation coefficients between
different forcing factors. To quantitatively determine the contribution
from atmospheric forcing factors, we plot the variance accounted for by
the factors that best fit the multiple linear regression model (Eq. 6) in
Fig. 7. Fig. 7a is the variance explained at each tide gauge site by at-
mospheric forcing factors before removing IB effects, and Fig. 7b is after
doing the IB correction. Fig.6 shows the monthly wind direction and SLP
in our study area which then use to better consider physical mechanisms
that drive seasonal variations. The correlation coefficients between tide
gauge record and different meteorological forcing factors (Table 2), and
the variances explained by each forcing (Fig.7) help identify the in-
fluences of atmospheric factors on seasonal sea level variability.

For most stations of Type 1 which are in northern China and Taiwan,
Korea, Japan and The Philippines, SLP is the main contributor before
removing the IB effects as SLP best fits the multiple linear regression
model. The IB correction produces changes in the seasonal amplitude
from a reduction of 11 cm to an increase of 5 cm across stations, with
greatest influence on Types 1 and 2. Table 2 shows that the monthly tide
gauge record in Dalian is anti-correlated with SLP (r = —0.66) and zonal
wind (r = —0.79) but correlated with meridional wind (r = 0.70). From
Fig. 7 we see that before correcting IB effects, SLP is the main contrib-
utor to the sea level variability in Dalian while after IB correction, zonal
wind contributes the largest. The annual peak at Dalian between July
and August is due to the IB effects caused by low atmospheric pressure in
summer (Fig. 6). Similarly, for most stations in northern China and
Taiwan, Korea, Japan and The Philippines, the IB correction makes large
reductions in the annual amplitude, consistent with the study of Feng
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et al. (2015). After the IB correction, total explained variance of tide
gauge records decreases - by up to 43% in Kaohsiung II.

Sea level at NPQB (Type 2) is correlated with surrounding SLP (0.68)
but anti-correlated with both zonal (—0.78) and meridional (—0.85)
winds. SLP works in a different way from Dalian, with strong anti-
correlation between SLP and meridional wind (r = —0.82) as well as
zonal wind (r = —0.77) hence we infer that SLP field primarily in-
fluences the sea level variability associated with wind stress rather than
IB effects.

For most stations of Type 3 and Type 4 located in Vietnam and
Malaysia, zonal wind or meridional wind are the best predictors. Labuan
II (Type 3) is much less correlated with meridional wind (r = —0.28),
than are the other 3 types. It is better correlated with SLP (r = —0.50)
and zonal wind (r = 0.74). Zonal wind is the main atmospheric
contributor to the sea level variability in Labuan II as it best fits the
linear regression.

At Geting (Type 4) SLP is well correlated with sea level (r = 0.77),
both sea level and SLP are high in winter and low in summer, but both
zonal wind (r = —0.92) and meridional wind (r = —0.96) are even better
anti-correlated with it. Meridional wind best fits the linear regression
model, indicating that wind is the main forcing factor suggesting that
SLP field influences the sea level variability associated with wind stress.
This is explained by the strong association between the monsoon and a
distinctive North to South dipole anomaly in the SLP field (Fig. 6). The
Northeast Monsoon pushes water masses from the South China Sea to-
wards the Gulf of Thailand in winter while the Southwest Monsoon
drives them away in summer. The Southwest Monsoon also pushes water
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Fig. 7. Total explained variance (abscissa, length of bar) for each tide gauge station (ordinate) from the best fit multiple linear regression model (Eq. 6) of monthly
sea level record as a function of meteorological forcing factors. Panel is (a) before and (b) after IB correction. The data span the maximum interval of each station
record between 1959 and 2012. The colour of the bars represents the 4 different station types: Type 1 (blue), type 2 (yellow) type 3 (gray) and type 4 (green). The
dots in each bar show the variance accounted for each station by each of the 3 forcing factors in Eq. 6 (red: zonal wind, blue: meridional wind, black: SLP), with the
total variance explained as the sum of the 3 given by the length of each bar. For most stations a single forcing factor in Eq. 6 produces the best model F-Statistic. (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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mass towards Dalian in summer which contributes to its summer peak
(Saramul and Ezer, 2014; Feng et al., 2015; Mohan and Vethamony,
2017).

Quantitatively estimation of the contribution from atmospheric
forcing factors before and after the IB correction (Fig. 7) shows that for
many stations of Type 1, SLP is the main contributor. After the IB
correction the total explained variance of tide gauge records decreases,
by up to 43% in Kaohsiung II (Fig. 7), therefore we conclude SLP mainly
influences the seasonal variability through IB effects. For most stations
of Type 2, Type 3 and Type 4, zonal wind or meridional wind are the best
predictors (Fig. 7). For most stations in the South China Sea, the total
explained variance of tide gauge record increases after IB correction
(Fig. 7).

4.3. Analysis of sea surface height from satellite altimetry and the NEMO
model
We spatially extend the tide gauge information using sea surface

height anomalies from IB corrected satellite altimetry data (AVISO with
Dynamic Atmospheric Correction). The amplitude and phase of annual

Annual amplitude-AL
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harmonics of sea surface height anomalies from satellite altimetry and
NEMO Sea Surface Height (SSH) are shown in Fig. 8. The annual am-
plitudes are much smaller in the deep ocean (<10 cm) than for coastal
regions. The spatial variability of the annual amplitude and phase from
altimetry are generally coherent with NEMO SSH. But NEMO model
outputs provide about ten times higher resolution and better spatial
coverage than the satellite altimetry, especially along the coast. From
Fig.8, the South China Sea has higher annual amplitudes than in the
northern and eastern Chinese coasts where the annual amplitudes range
from 6 to 15 cm; the Gulf of Thailand has the highest annual amplitude
(18-24 cm). The annual harmonic at the Chinese coast, Japan and Korea
peak between July and October while the South China Sea and the Gulf
of Thailand peak in November and December.

The semi-annual harmonic (Fig. S4) varies less than the annual
harmonic, although there is a considerable difference in amplitude be-
tween the northern coasts and the South China Sea. The highest
amplitude of the semi-annual (6 cm) is not in the Gulf of Thailand but
along the coast of northern South China Sea. Again, the deep ocean has
smaller amplitudes than the coast, but in contrast with the annual har-
monic, the semi-annual peaks later in the open ocean than on the con-
tinental shelf.

Annual phase-AL
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Fig. 8. Seasonal harmonics from the (a, b) satellite altimetry and (c, d) NEMO SSH over 1993-2012. Amplitude (cm) and phase (days) of annual sea level cycle. The

linear trend has been removed.
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To compare the seasonal sea level cycle along the coast from
different sources of data, we calculate the annual amplitude and phase of
the seasonal harmonics from IB corrected tide gauge records, satellite
altimetry and NEMO SSH at all stations over 1993-2012 period; the
results are shown in Fig.9. There are differences in the annual amplitude
and phase from the three sources. For most stations, satellite altimetry
and NEMO SSH underestimate the amplitude of the annual cycle along
the coast, by up to 12 cm for satellite altimetry and 7 cm for NEMO.
Altimetry and NEMO lead tide gauge records in many stations, by up to
42 days for altimetry and 46 days for NEMO. For stations outside Korea,
the annual amplitude of NEMO is closer to the IB corrected tide gauge
records than satellite altimetry. Hence NEMO generally performs well in
simulating the sea level variability along the Chinese coast except for
some stations in northern China, Korea, and Japan. The differences in
annual harmonics of the sea level between satellite altimetry, NEMO and
tide gauge records are mainly due to coarse resolution and lack of rep-
resentation of physical mechanisms near the coast, such as coastal cur-
rents (Amiruddin et al., 2015).

The total sea level is the sum of three contributors: the barometric
term, the steric term, and the contribution from ocean bottom pressure.
The steric sea level change caused by the thermal expansion of seawater
is an important contributor to the seasonal sea level variability. Ocean
bottom pressure measures the barotropic variations which gives insight
into changes in ocean circulation (Kohl et al., 2012; Johnson and
Chambers, 2013). We have analyzed the general spatial characteristics
of the seasonal cycle around the China seas, now we focus on the steric
component and ocean bottom pressure. There are only sparse observa-
tions of temperature and salinity data below 2000 m depth, but steric sea
level can also be calculated by the difference between sea surface height
and sea level changes caused by ocean bottom pressure from NEMO
model outputs. Fig.10 presents the average monthly tide gauge record
after IB correction, steric sea level calculated with the combination of
observational temperature and salinity data, NEMO steric sea level and
sea level change caused by ocean bottom pressure from NEMO model
outputs at the four archetypical stations.

Global and Planetary Change 213 (2022) 103819

At Dalian (Type 1), NEMO steric sea level amplitude is twice that
observed from the station. The sea level change inferred by bottom
pressure peaks in September with amplitude of 3.9 cm, about half the
steric sea level change. Thus, steric effects are dominant in Dalian.

In contrast at NPQB (Type 2), the seasonal steric cycle is quite
different from sea level. Ocean bottom pressure has much larger sea-
sonal variability and it is the main contributor to seasonal sea level
cycle. For Labuan II (Type 3) and Geting (Type 4), ocean bottom pres-
sure is also be the main contributor to seasonal sea level variability and
has similar seasonal cycle as the tide gauge record. Geting (Type 4) is in
the Gulf of Thailand, which is dominated by a barotropic response and
freshwater exchange driven by the monsoon.

To gain a better understanding of the spatial variations of steric sea
level over our study area, we calculated the average steric sea level from
the NEMO model (Fig. 11). Steric sea level has bigger seasonal vari-
ability in the deep ocean than the continental shelves. Steric sea levels
are higher in summer than winter due to thermal expansion, with the
largest amplitudes north of 20°N.

Wind can influence the sea level change through both barotropic and
baroclinic response. The baroclinic response to wind also affects the
seasonality of steric component. Wind field can drive the changes in
thermocline through Ekman pumping which can influence the seasonal
variability of steric sea level. In this mechanism, the three-dimensional
circulation of sea water is affected through wind stress curl. Fig. 12
shows the monthly average wind stress curl around the China Seas while
Fig. 13 shows the monthly average mixed layer depth. Wind stress curl
displays obvious seasonal variations. In the winter half year, the Chinese
coast and the west side of the South China Sea have negative curl, and
the center of the negative curl is near the shore of the South China Sea,
which causes the mixed layer depth to thicken, and the thermocline
depth to fall, so the steric sea level rises; While the east side of the South
China Sea exhibits positive curl which causes the mixed layer depth to
thin, the thermocline to rise, and steric sea level to decrease. In summer,
the cyclonic wind field driven by positive wind stress curl expands
eastward and compresses the anticyclonic wind field closer to the
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Fig. 9. The annual seasonal harmonics for IB-corrected tide gauge stations, satellite altimetry and NEMO model outputs over 1993-2012. The linear trend has been
removed. Large coloured stars on the abscissa and boxed regions delimit station type as in Fig. 7.
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eastern side. These differences in the thermocline depths help to form
the southward western boundary current in winter.

5. Discussion

Feng et al. (2015) investigated the seasonal sea level variability in
the northwest Pacific using tide gauge records and AVISO satellite
altimetry, they classify the 120 tide gauges into six subregions according
to their geographical location and explore the seasonal variability in the
study area, they found that over their whole study area, IB effects had
significant influences on the annual cycle with the largest amplitude of
12 cm in the East China Sea (comprising northern and eastern China
coasts), which is consistent with our study as we have the largest
decrease of annual amplitude in Qinhuangdao and Tanggu by 11 cm
after IB correction. In their study, contribution from ocean bottom
pressure were calculated as the residual after removing IB effects and
steric components from the total sea level, results revealed that wind
stress and surface currents play significant role in the marginal seas and
the tropics which are also consistent with our study. However, and
different from Feng et al., we divide all tide gauge stations into groups
based on both geographical location and the characteristics of mean
seasonal cycle. Then just four groups are sufficient to characterize all the
tide gauge station behaviour in the region. Type 1 stations in northern
China and Taiwan, Korea, Japan and The Philippines have an asym-
metric sinusoid with maximum sea level mostly occurring in August and
the minimum mostly in January; Type 2 stations located along the
eastern and southern Chinese coasts have a clearly defined peak in
October on a flat background with no obvious minimum between
January to August; Type 3 stations in East Malaysia have a relatively flat
signal; Type 4 stations in Vietnam and the Gulf of Thailand present a
symmetric co-sinusoid signal with peak sea level in December and
minimum in June. While the defining characteristics of the group are
somewhat of a subjective choice, they illustrate different features of
mean seasonal sea level cycle attributable to different meteorological
forcing factors. They are also grouped geographically which implies
commonality in some seasonal meteorological characteristics. The self-
consistent nature of the grouping with dominant forcing factors and
geography supports our contention that the grouping has value.

Generally, NEMO is good at simulating the seasonal variability
around the China Seas especially in the southern areas, however in the
northern areas, NEMO is underestimating the seasonal variability more
than satellite altimetry. The physical mechanism of the underestimation
from NEMO in the northern region remains unknown and is a topic for
future work.

Sparsely distributed tide gauge records and the relatively short time
span of satellite altimetry data limit our understanding of the seasonal
sea level cycle on coastal regions, thus seasonal variations are usually
not included in the future sea level projection. In this paper we made use
of 81 tide gauge records along with satellite altimetry and high-
resolution NEMO model outputs including sea surface height and
ocean bottom pressure, dividing all stations into four types and then
exploring the main drivers for the seasonal variability at each archetypal
station. The attribution of driving factor made use of a novel multiple
linear regression procedure (Eq. 6) and which usually isolates a single
meteorological factor as the dominant controller of seasonality. This
controller we find is consistent with the geographic spread of stations,
and features of the regional SLP and wind field. This kind of analysis is
intrinsically linear whereas we may expect atmospheric forcing to
interact in rather non-linear ways especially considering the non-
stationary climate. Hence a possible improvement may come from
using a wider spectrum of model drivers and an Akaike or Baysian in-
formation criterion as a model selecting method.

Comparison with the tide gauge records shows that despite the un-
derestimation of amplitude from the NEMO model outputs, generally
NEMO is good at simulating the seasonal variability around the South
China Seas. Hence further efforts should be made to improve the NEMO
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simulation, then it can be used to quantitatively determine the contri-
butions of different components to seasonal variability, making the
seasonal variability included in the future sea level projection possible.

6. Conclusions

Previous studies on the seasonal cycle and variability around the
China Seas mainly focused on the South China Sea, made use of tide
gauge records, satellite altimetry as well as steric sea level to analyze the
sea level change characteristics systematically. In this paper, we also
introduce high-resolution model outputs of sea surface height and ocean
bottom pressure from NEMO, into the analysis of seasonal sea level cycle
and variability. We make use of exemplifying stations to represent four
broader regions, discuss the spatial and temporal variations of seasonal
sea level cycle and the physical mechanism.

The months of maximum, minimum, and annual range of the sea-
sonal cycle in 81 tide gauge records in the study area all show obvious
spatial differences. To quantitatively analyze the seasonal cycles of all
stations, and the contribution of IB correction, we calculate the ampli-
tude and phase of annual and semi-annual cycles of all tide gauge re-
cords before and after removing IB effects. The results show that IB
correction reduces the annual amplitude of most stations in the northern
China and Taiwan, Korea, Japan and The Philippines, among which the
largest decreases are in Qinhuangdao and Tanggu in the northern China,
where the annual amplitude decreased by 11 cm. After correction, the
highest amplitude is in the Gulf of Thailand. For the northern China and
Taiwan, Korea, Japan and The Philippines, IB correction results in sig-
nificant reduction of variance explained by seasonal harmonics, while
for most stations in the South China Sea, Malaysia and Vietnam, the
explained variance increases after IB correction.

Dalian (Type 1), NPQB (Type 2), Labuan II (Type 3) and Geting (Type
4) were taken as four archetypal stations to determine the main drivers
for the seasonal variability: Type 1 has an asymmetric sinusoidal cycle;
Type 2 has a clearly defined peak on a flat background; Type 3 has a
relatively flat signal; Type 4 has a symmetric co-sinusoidal cycle. We
analyze the correlation between tide gauge record and three meteoro-
logical forcing factors include sea level pressure, zonal wind and
meridional wind at each typical station respectively, fit the tide gauge
record and all meteorological forcing factors using multivariate linear
regression analysis. The results show that sea level pressure is the main
contributing factor for most stations of Type 1. While for most stations of
Type 2, Type 3 and Type 4, the main contributor is zonal wind and
meridional wind.

To understand the seasonal variability over the whole study area, we
also used AVISO satellite altimetry combined with NEMO model out-
puts. In coastal continental shelves, the annual amplitude are larger than
in the deep ocean. Annual amplitude peaks between July and October
off the coast of China, Japan and South Korea, and in November and
December in the South China Sea and the Gulf of Thailand. The annual
amplitude of deep ocean reaches its peak earlier than the coastal con-
tinental shelves, between June and September. The spatial differences of
semi-annual harmonics are small but still obvious. The maximum
amplitude of the semi-annual harmonic is 6 cm found in the north of the
South China Sea.

We also analyzed the contribution of NEMO steric sea level, steric sea
level with observational temperature and salinity data, sea surface
height and sea level change caused by ocean bottom pressure from
NEMO at the four representative stations. The results show that after IB
correction, steric is the most important contributor to seasonal sea level
cycle in Dalian (Type 1), while for NPQB (Type 2), Labuan II (Type 3)
and Geting (Type 4), ocean bottom pressure associated with wind and
ocean circulation contributes much more than other factors.
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