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ABSTRACT:

Sea level rise due to climate change is nonuniform globally, necessitating regional estimates. Spatial-temporal behaviour of sea level
anomalies (SLAs) in the South China Sea (SCS) was investigated over 24 years period from 1993 to 2016. Based on the spatial
distribution of monthly and seasonal mean SLAs in the SCS, the strong regularity of SLAs performed maybe mainly predominantly
driven by monsoonal wind. Variations of SLA were different in each month, which was the largest in July and December, and the
smallest in April. Positive sea level linear trends were estimated in most cases. The averaged sea level trend in the SCS showed a rise
of 4.42 +0.25 mm/year from 1993 to 2016. Further investigations are expected from muliti-resources such as ENSO, wind stress,

and vertical land movement data.

1. INTRODUCTION

Global mean sea level has been rising since the beginning
of the 20™ century. Sea level rise in the regional ocean is the
result of a combination of factors, such as ice sheet melting,
pacific decadal oscillation and El Nifb—Southern Oscillation.

Satellite altimetry measurements since 1993 have provided
high-precision sea level data with global coverage, which has
changed our understanding of sea level rise over the past two
decades (Church and White, 2006; Hay, et al., 2015).

To identify the sea level trend and variability over the past
300 years, the tide gauge records provide valuable instrumental
data from a few seconds to centuries. However, these
observations suffer from several limitations: i) although over
2000 tide gauge stations were established during the twentieth
century, most of those tide gauges do not cover the entire ocean
basins, ii) available most of tide records do not cover the same
time period, iii) vertical land movement can affect the tide
gauges records, and iv) there is no common reference level for
the individual tide gauge records, and this creates a problem of
stacking records together (Cipollini et al., 2017).

Satellite altimetry has been the direct observational
technique to measure the variation of sea surface height since
1980’s. In open ocean areas, sea level measurements with high-
precision can be obtained from satellite altimetry. Near the
coasts, however, accuracy decreases dramatically. Ocean tide
models introduce errors in decimetre level. The altimeter range
corrections become incorrect in the official products. With this
data, shallow water areas can be investigated with much more
data and closer to lines than the official products. Traditionally,
satellite altimetry data have been widely used for sea level
change studies. However, due to the near coast effects, the
accuracy of satellite altimetry data along the coast is
significantly lower than that in deep sea. On the other hand,
high precision sea level change data can be obtained from gauge
stations along coast, which are also linked to a global reference
frame.

The South China Sea (SCS) is a marginal sea located in
Southeast Asia. Generally, the SCS is a semi-closed basin
surrounded by South China, the Philippines, Borneo Island, and
the Indo China Peninsula, which connects the East China Sea,

the Pacific Ocean, and the Indian Ocean through Taiwan Strait,
Luzon Strait, and Malacca Strait, respectively. Due to the
unique characteristics of bottom topography and the potential
impacts of sea level rise in SCS, understanding sea level
changes and monitoring of sea level variability in this area
becomes urgent. Thus, many researches have been studied the
sea level variation of the SCS in terms of the seasonal (Shaw et
al. 1999), and interannual (Rong et al. 2007) sea level variation.
And also, some works study the sea level trend in SCS using the
along-track satellite data. For example, Li et al. (2003) observed
the mean sea level rise rate of 10 mm/year in the SCS using
TOPEX/Poseidon (T/P) altimetry data from 1993 to 1999.
Cheng and Qi (2007) found a mean sea level rose at a rate of
11.3 mm/year during 1993-2000 and then fell at a rate of 11.8
mm/year during 2001-2005. These studies were based on a
short-term period of satellite altimeter data that less than 15
years. As those studies revealed, the short record of altimetry-
based studies mostly reflects the interannual-decadal variability
and cannot obtain the long-term spatial trend patterns. The
gridded satellite data is an interpolation of multi-mission
satellite-based along-track data, and it has a regular temporal
and spatial resolution. Therefore, the multi-mission satellite
altimetry gridded data-set were used to spatiotemporal analyses
that are not possible with along-track data.

In this work we analysis the spatiotemporal of sea-level
variations using the gridded satellite data in the SCS over 24
years period from 1993 to 2016. The objectives of this paper are:
(i) to investigate the spatial distribution of SLAs using satellite
data; (ii) to determine the sea level trend in the SCS.

2. SATELLITE ALTIMETRY DATA

The delayed-time and reference gridded Sea Level
Anomaly (SLA) weekly data product is used due to the better
possible spatial and temporal sampling than the real-time maps.

The altimeter data (both along-track and interpolated maps)
from all the missions—that is, Jason-3, Sentinel-3A, HY-2A,
Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT,
GFO, ERS1/2, are currently produced by SSALTO/DUACS and
distributed by AVISO (www.aviso.oceanobs.com). The SLA
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observations used in this paper was 24-year period from January
1993 to December 2016. The detailes can be found in Table 1.

Satellite altimetry Start date End date
ERS-1 October 1992 May 1995
ERS-2 May 1992 June 2003
T/IP September 1992 October 2005
Envisat April 2002 March 2012
Jason-1 January 2002 June 2013
Jason-2 June 2008 Onwards
Cryosat-2 April 2010 Onwards
HY-2A September 2011 Onwards
SARAL/AIltiKa March 2013 Onwards
Jason-3 February 2016 Onwards
Sentinel-3A February 2016 Onwards

Table 1. Satellite date used in the gridded model

The mapping method to produce gridded SLA fields from
along-track data is detailed in Le Traon et al. (1998). In the case
of delayed-time maps, this data selection implies considering a
centered time window of along-track data, taking into account
both past and future measurements. Gridded data are produced
every week on a 1/4=Mercator projection grid, using the same
parameters as given in Dibarboure et al. (2008) with the
exception of the long-wavelength error variances that have been
adjusted according to the new geophysical corrections (Pascual
et al., 2009).

3. METHODOLOGY

The sea level trend is defined using basic statistics as the
regression coefficient estimated using the least squares method.
The sea level trend is given by:

trend = f +U (f) (1)

where f is the regression coefficient, Up(f) is the expanded
uncertainty of regression coefficient. The f and Up(f) are given
by the following equation:
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where i=1, ..., N, where N is the number of sea-level records

considered, yi is the actual sea-level measure at the time xi and
)71 the estimated value, and X is the average of the X; and

7 the average of the sea-level measurement, tp is the selected

confidence level, usually 95% confidence interval, of t-
distribution with N-2 degrees of freedom.

4. RESULTS AND DISCUSSIONS
4.1 Sea level variability

The long-term average annual altimetry-derived SLA value
from 1993 to 2016, were ranged between 0.23 and 1.26 cm.
Variation of SLA with respect to longitude and latitude was

analysed, the quadratic polynomial
respectively, as was shown in Figure 1.

The averaged SLA in the east of SCS is higher than that in
west, and low-north high south. As the longitude increases, the
SLA declines, but there was an extraordinary rise in four
degrees of around 99, 100<E, 112<E and 118°<, it can be
seen from Figure 2 that the central of strait of Malacca, the
north of Gulf of Tonkin, the central of SCS and the west of
Taiwan strait were located in the four longitude lines, where the
SLAs are significantly larger. As the latitude increases, the SLA
declines in the whole level, both in the area of 9N - 15N and
18N - 24N, the SLA has changed dramatically. Considering
the method of analysing averaged SLA with respect to longitude
and latitude and performing quadratic polynomial fitting is only
useful and valuable for a single water body (i.e., the SCS), other
areas such as Malacca Strait, Sulu Sea and Celebes Sea should
be excluded in this analysis to avoid bias especially by SLA in
Malacca Strait which behaves differently from the rest of the
SCS.
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Figure 1. Spatial distribution of annual mean SLA between
1993 and 2016
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Figure 2. Variations of annual mean SLA between 1993 and
2016 with respective to longitude and latitude

Before analyzing the sea level variability in the SCS, the
correlation of SLA time series between satellite altimetry data
and tide station observations was firstly compared, as shown in
Figure 3.

Through the correlation analysis of the two data sets,
71.43% of the stations’ correlation coefficient was above 0.80,
48.57% was up to 0.90 above.

In the north of SCS, between 15N and 26 N, the two SLA
time series in five of seven stations were positively corrected
with a higher correlation coefficient than 0.60. Only one station
showed a low positive correlation (0.43) between satellite
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altimetry and tide gauge data. Minimum negative correlation
with -0.48 was found in the Gulf of Tonkin.

High correlations were found in the Strait of Malacca and
Singapore, where there were 11 stations showed a high
correlation ranging from 0.88 to 0.95 between altimetry and tide
gauges, except one station is low with 0.67

In the Gulf of Thailand, the sea-level anomalies of three
stations were well correlated between satellite and tide gauge
with the correlation in the range 0.55—0.81.

In the Southeast of SCS, the correlation coefficients in
seven of nine stations were above 0.88, among which the
KOTA KINABALU station showed the highest correlation
between the tide gauge and satellite data (0.98). The other two
stations, the sea-level anomalies were positively correlated with
the lowest %%rrelatioTogpefficieﬂg 0f 0.08 and 0.20.
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Figure 3. Correlation of observations between satellite altimetry
and tide gauge data in tide stations

Distributions of the monthly averaged SLAs during 1993-
2016 are plotted in Figure 4. The SLA distribution in each
month has strong regularity. In the Gulf of Thailand, the SLA
reached its maximum of 29.4 cm in December, following which
it declined to a minimum of —21.03 cm in July. However, the
situation in the central SCS is the opposite. The SLA is at the
lowest level of —12.69 cm in January and at a peak of 18.35 cm
in July, showing an obvious evolution from the center to
surrounding areas. Because of differing climatic conditions, it
can be seen that the SLA variations are different in each month.
The SLA exhibits the largest change in July and December, with
magnitude ranging from —10.48 to 29.40 cm and from —21.03 to
18.35 c¢m, respectively. The month with the smallest change is
April, with magnitude ranging from —8.63 to 10.24 cm.
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Figure 4. Spatial distribution of monthly mean sea level
anomalies during 1993-2016.
The seasonally variations maps of sea-level signals were
calculated by averaging season by season: January-February-
March / April-May-June / July-August-September / October-

November-December from 1993, as is shown in Figure 5.
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Figure 5. Satellite altimetry sea-level trend in four seasons.

Seasonal sea level variability across the SCS is
predominantly driven by the Asian monsoonal wind (Wyrtki,
1961; Lau et al., 1998; Ding and Johnny, 2005; Tan et al., 2006;
Liang and Evans, 2011). During January—March, the sea level
in the SCS falls and the area with negative SLA values
increases because water flows toward the southwest under the
influence of the northeast monsoon. During April-June,
weakening of the northeast monsoon means water flows from
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the southwest toward the northeast. Between July and
September, the SLA is gradually become lower in the northeast
because of the role of the Kuroshio Current and the effect of the
summer southwest monsoon. During October—December, with
gradual weakening of the southwest monsoon, the sea surface of
the SCS reflects the transition from the summer monsoon into
the winter monsoon, which reduces the impact on sea level
change during this period.

In the northern part of the SCS, the spatial distribution of
SLAs has opposite features during winter and summer, which is
in accord with monsoon intensity. This suggests the SLAs in
this area are closely related to the changes of the monsoon, i.e.,
positive seasonal SLAs are induced during boreal winter by
wind shear during the northeast monsoon, whilst negative SLAs
during boreal summer are caused by the southwest monsoon.

4.2 Sea level trend analysis

The spatial variability of sea level trend was shown in
Figure 6. In the SCS, the sea-level trend was ranging from -0.74
to 9.00 mm/year, the entire SCS area showed a positive sea
level trend except several locations in the southern Laos and the
Qiongzhou Strait.

The changes of the regional SLA are affected by global
ocean climate events (such as ENSO). Furthermore, they are
closely related to the abnormal changes of local climate, such as
marine events (ENSO), air pressure, wind, air temperature and
sea surface temperature (SST).

During 2005~2010, three strong La Nifa events led to
abnormally high sea level in the SCS. In addition, affected by
the low-frequency variation of the Southern Oscillation and the
North Pacific decadal oscillation, the wind stress displayed
strong easterly wind anomaly in the central-west basin of the
SCS, resulting in anomaly negative wind stress curl, which also
led to abnormally high sea level in the SCS (Wang et al. 2017).

The SLA, according to the relevant studies, i.e., Wang et
al., (2017), Qiu et al., (2015), has no significant correlation with
SST, air temperature and air pressure, but is closely related to
ENSO events. The negative anomalies always occur during the
El Nifp events, while the positive anomalies occur during the
La Nifa (late EI NifD) events.

The averaged trend of sea level anomalies in the SCS,
shows a rise of 4.42 +0.25 mm/year from 1993 to 2016. This
observed positive trend is also in agreement with the results of
Handoko et al. (2017), which estimate the mean rate of sea level
rise of 4.20 £0.20 mm/year around the Indonesian seas over
1993 to 2015.
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Figure 6. Satellite altimetry linear trend spatial variability in the

SCS (1993-2016).

5. SUMMARY AND CONCLUSIONS

Global climate changes have been the focus research area.
One of the key indicators of global climate changes is the sea
level rising. Globally, the sea level rising is caused by the global
temperature increase, which includes the thermal expansion of
sea water and the melt of ices in glaciers and polar regions.
However, regional sea level changes will be affected by not
only the global effects but also regional effects such as regional
temperature, currents, wind, precipitation, air pressure and etc.
The aim of this work was to analysis the spatiotemporal of SLA
of the SCS retrieved from gridded altimetry data over 24 years
from 1993 to 2016.

Spatial distribution of SLA was investigated by calculated
the annual and monthly mean sea-level signal from satellite
altimetry data. Variation of annual mean SLA with respect to
longitude and latitude was analysed, the SLAs in four regions,
such as the central of strait of Malacca, the north of Gulf of
Tonkin, the central of SCS and the west of Taiwan strait, were
significantly larger. The SLA distribution of each month has a
strong regularity, which is mainly predominantly driven by
monsoonal wind. We observed that the variations of SLA were
different in each month, SLA had the largest change in July and
December, and the smallest change month is April, magnitude
vary between -8.63 and 10.24 cm.

With regard to the sea-level trend, almost in all cases
analysed positive rates were observed. The averaged linear sea-
level trend in the SCS, shows a rise of 4.42 +0.25 mm/year
from 1993 to 2016. The reasons of abnormal rising of sea level
in the central and western parts of the SCS would be deeply
investigated by combined with ENSO, wind data and vertical
land motivation data.
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