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Spatial and temporal changes in mean and extreme sea levels and their forcing mechanisms 

have been examined over the last six decades in the South China Sea (SCS). A total of 53 

tide gauge records and 22 years of satellite altimetry observations, along with 

oceanographic and meteorological datasets, have been used. The first objective examined 

changes in mean sea level trends. It was found that the subregion basin sea level trends 

from altimetry for the period 1993-2014 varied between 2.9 ± 0.8 mm/yr in the northern 

SCS and 6.2 ± 5.7 mm/yr in the Celebes Sea. In the northern SCS, the halosteric variation 

significantly contributes to the observed altimetry trends, which are up to 3 mm/yr. The 

separation of the local sea level trends into various contributors involves high uncertainties 

especially due to vertical land motion (~3 mm/yr). The second objective assessed changes 

in inter-annual mean sea level variability. The inter-annual sea level variability is larger in 

the Celebes Sea and accounts for up to 70% of the monthly sea level variability. Changes 

in steric and wind stress contribute to more than half of inter-annual sea level variability in 

the Malacca Strait and the eastern basin of the SCS. The inter-annual sea level variability 

in these regions is associated with the El Niño Southern Oscillation (ENSO) and the 

monsoon. The third objective evaluated changes in the mean seasonal sea level cycle. It 

was found that the contribution of seasonal cycle is larger on the continental shelf of the 

Gulf of Thailand, accounting for up to 92% of monthly sea level variability. Wind forcing 

is dominant on the shelf areas of the SCS with the local winds showed annual amplitudes 

of up to 27 cm. In the deep basin regions and the shallow Malacca Strait, the steric 

component is the major contributor with the maximum annual amplitudes reaching 15 cm. 

Significant temporal variability of the annual and semi-annual harmonics is up to 63% and 

45% of the maximum amplitude, 15 cm and 11 cm, respectively. The fourth objective 

explored changes in extreme sea level. Significant increases in extreme sea levels were 

observed at more than half of the stations analysed and were found to be mainly driven by 

changes in mean sea level. In the Malacca Strait, the inter-annual variability in extreme sea 

level is found to be associated with ENSO and the monsoon. Overall, this study provides 

improved understanding of changes in mean and extreme sea levels and their associate 

mechanisms that occurred over different timescales. Changes in these sea level 

components need to be taken into consideration for mean and extreme sea levels 

projections in this region.  
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 Introduction 

1.1 Background and Justification 

The South China Sea (SCS) is one of the largest semi-enclosed marginal seas in the 

western Pacific. It is connected to the western Pacific Ocean through the Luzon Strait, and 

to the Indian Ocean via the Malacca Strait (Fig. 1). This ocean basin is bordered on the 

north by China, on the east by Philippines, on the west by Vietnam, and on the south by 

Malaysia, Indonesia, Brunei and Singapore. Located in Southeast Asia, it has one of the 

world’s most vulnerable coastlines to sea level rise (Neumann et al., 2015; Brown et al., 

2013; Hallegatte et al., 2013). Several megacities, such as Guangzhou, Bangkok, Ho Chi 

Minh City and Manila (red circles in Fig. 1), with populations between five and 13 million 

people, are located in low-lying coastal regions within 10 m from present day mean sea 

level (MSL) (dark grey area in Fig. 1). This region is also home to several major world 

ports such as Singapore, Hong Kong, and Guangzhou which are crucial to the economic 

development of the area. Notably, significant land subsidence (down to 15 cm/yr), 

associated with ground water extraction, has been reported in the region, for example in 

Bangkok (Phien-wej et al., 2006; Aobpaet et al., 2009), Manila (Rodolfo and Siringan, 

2006; Raucoules et al., 2013), and Mekong Delta, which partly includes Ho Chi Minh City 

(Laura et al., 2014). Thus, sea level rise along with potential increases in extreme sea 

levels (ESL) is likely to increase the probability of coastal flooding in this region. 

The overall aim of this thesis is to provide a comprehensive analysis of the changes in the 

characteristics of mean and ESLs in the SCS and evaluating their potential driving 

mechanisms over the last six decades. Understanding sea level changes over a range of 

time and space scales, and determining the underlying mechanisms, is essential to guide 

coastal management and planning. This is important for the relevant authorities in 

producing improved predictive capability of regional sea level projections, determining the 
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long-term and immediate risk, and appropriate response to protect potential vulnerable 

areas, important resources and habitat conservation.  

In the SCS, most studies of sea level change have used satellite altimetry measurements 

(e.g., Rong et al., 2007; Cheng and Qi, 2007; Zhuang et al., 2010). As a result, the 

estimation of sea level trends and sea level variability in the region are concerned primarily 

with the open ocean. Although this region has numerous tide gauges (~ 90 sites), the 

coastal mean sea level changes are still relatively poorly described and understood. 

The SCS also experiences significant storm surge and resulting coastal flooding events. 

There are an average of 10 tropical cyclones and 6 typhoons passing through the SCS each 

year (Wang et al., 2007). In 2013, Typhoon Haiyan resulted in major coastal flooding that 

led to about 8,000 people dead in the Philippines, Vietnam, and China, and caused around 

10 USD billion dollars of damage in the Philippines (LeComte, 2014). Relatively little 

research on ESLs in the SCS and the adjacent water bodies, has been undertaken, apart 

from in the northern SCS (Feng and Tsimplis, 2014; Feng et al., 2015a). 

1.2 Aims and objectives 

The overall aim of this research is to conduct a comprehensive analysis of sea level change 

in the SCS for the period 1950-2014. In order to improve understanding of spatial and 

temporal variability of sea level, this research is carried out over different frequencies. 

Long term trends, inter-annual variability, seasonal signals, and extremes are studied. For 

each of the frequencies studied, the mechanisms driving sea level change are explored to 

improve understanding of the interaction between sea level variability and atmospheric and 

oceanographic drivers. Thus the four objectives of the study are:  

1. To determine the spatial and temporal variability of mean sea level trends; 

2. To examine the characteristics of inter-annual sea level (ISL) variability; 
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3. To evaluate the spatial and temporal variations of the mean seasonal sea level cycle 

(SSLC); and 

4. To explore the changes in the characteristics of ESL. 

The first three objectives are achieved by the use of tide gauge records as well as 

altimetry data while the last objective only utilized tide gauge records. The relative 

contribution of the atmospheric pressure, wind and steric to the changes in MSL are 

explored for the first three objectives. For the last objective, the mechanisms of 

changes in ESL are explored from the combined variations in MSL, tides and the non-

tidal residual. 

1.3 Structure of thesis  

The structure of the thesis is as follows: Chapter 2 presents a literature review, describing 

the measurement of sea level using tide gauges and altimetry; the sea level components; 

the mechanisms that cause the changes in sea level; the current research that has assessed 

changes in mean and ESLs in the SCS; and knowledge gaps. The data used, and the 

general methodology applied is outlined in the Chapter 3. The four objectives are then 

addressed in Chapter 4, 5, 6 and 7, respectively. Synthesis of changes in sea level from 

different frequencies and conclusions are given in Chapter 8. 
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Figure 1.1. Map of the study area. The dark grey and light grey colours indicate the low elevation coastal zone between 0-10 m and 10-50 m above 

mean sea level respectively. The red circle represent the location of megacities and their corresponding population sizes in millions (noted as M). The 

green dash line indicates the 200 m depth contour. 
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 Background and Literature Review 

2.1 Introduction 

Understanding sea level variability and change is a complex issue that involves various 

local, regional and global features with different timescales and driven by a wide range of 

processes. Such complexity requires a multidisciplinary approach that integrates geodesy, 

geodynamic, climate and oceanography, among other disciplines. This chapter provides a 

background to the study of sea level, reviews the relevant literature and identifies the key 

issues that have so far received little attention and thus need to be addressed. Section 2.2 

describes the main techniques that are used to measure sea level and their limitations. The 

different components of sea level are described in Section 2.3. Section 2.4 discusses the 

underlying mechanisms of sea level variability and change. Section 2.5 provides a 

description of the SCS including the physical characteristics, climate and ocean dynamics 

before reviewing the study of sea level associated with the mean and ESLs in this region. 

Finally, a summary highlighting the knowledge gaps of this topic is presented in Section 

2.6  

2.2 The measurement of sea level 

2.2.1 Tide Gauges 

Tide gauges are our primary source of sea level information. Changes in coastal sea level 

are primarily measured by tide gauges with an accuracy of around one cm for single 

measurements, typically based on the float gauges, and close to one mm for monthly and 

annual values of MSL (Pugh and Woodworth, 2014). Radar reflection and acoustic 

reflection tide gauges have an accuracy of up to five mm while pressure sensor gauges 

have an accuracy of about one cm (Pugh, 2004). Based on the national reports available 
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from the Permanent Service for Mean Sea Level (PSMSL) website (Holgate et al., 2013; 

http://www.psmsl.org/), most tide gauges for each countries in the SCS are associated with 

float gauges except Singapore which used acoustic reflection. The standard historic 

sampling rates were one hour, but the present sampling rates are typical 6 minutes or 

higher (IOC, 2006). Tide gauges measure changes in sea level with respect to a benchmark 

on the land nearby (often denoted as relative sea level changes). As a result, tide-gauge 

measurements reflect local vertical land motion (VLM) at the tide gauge station in addition 

to changes in sea level (Woodworth, 2006).  

The longer tide gauge records are mainly located in Europe with some records going back 

to the 18th century (e.g. Stockholm and Amsterdam). In the SCS, there are only 10 reliable 

tide gauge records prior to 1950 spanning more than 47 years with different periods of data 

availability (see Section 3.2.1). These sites are mainly located along the coast of the 

Philippines and Thailand. Thus, the study of regional long-term sea level variability and 

change in the SCS inferred from the tide gauge records are affected by uneven temporal 

coverage and poor spatial distribution. 

2.2.2 Satellite Altimetry 

Since 1993, the shortcoming of the poor spatial distribution of tide gauges has been partly 

resolved by the launch of satellite altimetry. The standard altimetry missions cover an open 

ocean area from 66°S to 66°N. Satellite altimeters measure the sea surface height relative 

to the reference ellipsoid by transmitting pulses of microwaves to the surface and 

measuring the time it takes the pulse to reach the surface and return back to the altimeter 

(Rosmorduc et al., 2016). Several different corrections are applied. The ionospheric, dry 

and wet tropospheric corrections are applied to account for the path delay as the 

microwaves propagate slower in the atmosphere than in the vacuum due to the presence of 

http://www.psmsl.org/
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free electrons, dry gases that mainly comprised of nitrogen and wet components (liquid 

water and water vapour), respectively (Chelton et al., 2001). The ionospheric correction 

was estimated either using a dual-frequency altimeter in the case of TOPEX/POSEIDON 

and Jason, or using Global Positioning System (GPS) information for other missions 

without a dual-frequency system. The dry tropospheric correction was obtained from a 

meteorological model as it is almost exactly proportional to air pressure. The wet 

tropospheric correction was estimated from a radiometer or, for missions without one, from 

a meteorological model. The range values of ionospheric, dry and wet tropospheric 

corrections are up to 12, 226 and 24 cm, respectively with the uncertainty approximately 

one cm for each correction (Table 2, Chelton et al., 2001). As the altimetry signal reflects 

better in the troughs than on the crests, a sea state bias correction is applied in order to 

avoid the altimeter estimates being biased towards the troughs (Chelton et al., 2001). This 

correction is estimated from an empirical model with range correction up to 6 cm and the 

uncertainty approximately 2 cm (Table 2, Chelton et al., 2001). 

While satellite altimetry observations derived using standard processing techniques are 

accurate in the open ocean, measurements within 10-50 km from the coast are less reliable 

due to land contamination (waveforms become corrupted when land enters the altimeter 

footprint) and inadequate corrections (Cipollini et al., 2016). Thus the altimetry 

observations are not necessarily appropriate for investigating sea level changes in the 

coastal zone (Calafat et al., 2014). However, meaningful measurements of sea level in the 

coastal zone can be recovered using dedicated coastal altimetry techniques, as shown by 

Passaro et al. (2015). Such reprocessed altimetry data, however, are not yet available for 

the SCS, and hence have not been used in this study. 

The accuracy of satellite measurements varies significantly between the various platforms 

used with the best accuracy of the order of 2 cm achieved by TOPEX/POSEIDON and 
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JASON 1 and 2 (Robinson, 2010). These satellites make repeat measurements every 9.9 

days along their particular tracks, and the ground tracks separation can be as large as 

several hundred kilometres near the equator, but it decreases as the latitude increases. Thus 

it is the spatial and temporal averaging together with sophisticated corrections that makes 

the measurements usable. The altimetry measurements are routinely compared and 

calibrated against island tide gauges to detect long-term drifts or biases (Mitchum, 2000; 

Watson et al., 2015). However, the overall altimeter time series is not adjusted to agree 

with the compared tide gauges (Pugh and Woodworth, 2014) and therefore the trend 

component of these two datasets are considered to be independent. The spatial distribution 

of the tide gauges used for controlling and monitoring the performance of altimetric 

datasets with respect to sea level trends is not spatially uniform. As a result, the 

comparison of tide gauges with regional sea level estimates serves several purposes. First 

and foremost, they provide crucial regional and local information on sea level. 

Furthermore, they can identify inconsistencies between the two sets of measurements 

suggesting deficiencies in the regional corrections.  

2.2.3 Proxy Measurements 

On geological timescales, information on long-term relative sea-level changes can be 

inferred from several proxy records including (but not limited to) salt marshes and coral 

micro-atolls. Changes in the frequency and duration of tidal inundation result in the 

variation in composition of microfossils, within different layers of the salt marsh sediment 

(Lambeck et al., 2010). For the coral micro-atolls, the upward growth pattern in the upper 

surface of the corals can be associated with the tidal level of mean low water spring or 

slightly higher (Lewis et al., 2013). Thus, the effect of tidal oscillations as recorded by salt 

marsh and coral micro-atolls are useful as sea-level indicator. Salt marsh and coral micro-

atolls records provide indication of sea level changed over periods of hundreds to 
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thousands of years (e.g. Kemp et al., 2011; Woodroffe et al., 2012) and therefore can 

provide an input of the past to present rates of sea level especially in the location where the 

tide gauge sites are spatially and temporally limited. A vertical precision of salt marsh and 

coral micro-atolls based estimates are of the order of ±5-20 cm and ±5 cm (decadal scale) 

respectively (Lambeck et al., 2010).  

In the northern SCS, based on the coral micro-atoll record, Yu et al. (2009) found that the 

sea level between the period 7050-6600 years BP was between 171 and 219 cm above the 

present. During these periods, they also pointed out that sea level in this region fluctuated 

by 20-40 cm on century scales. Using a similar approach, Meltzner et al. (2017) found two 

60 cm fluctuations between the period 650 and 6500 years BP at Belitung Island in 

Indonesia. Nevertheless, due to the limited spatial and temporal availability of the proxy 

measurements covering the period 1950-2014 in the SCS, only tide gauge records and 

satellite altimetry are utilized in this study. 

2.3 Components of sea level 

Changes in sea level occur over a wide range of spatial and temporal scales (Fig. 2.1). For 

instance, at high-frequencies, seiches and tsunamis occur with periods from minutes to a 

few hours with length scales up to a few hundred kilometres and amplitudes of up to 

several meters. At geological timescales, sea level exhibits peak-to-peak fluctuations of 

about 120 m worldwide over the past five glacial cycles (~500,000 years) (Fig. 2.2) (Grant 

et al., 2014).  

The observed sea level at any particular time and location (𝑋) reflects a combination of the 

MSL, tidal and NTR components (Pugh and Woodworth, 2014). This can be represented in 

Equation 2.1 for a time (t);  
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𝑋(𝑡) = 𝑀𝑆𝐿(𝑡) +  𝑇𝑖𝑑𝑒(𝑡) + 𝑁𝑇𝑅(𝑡)        (𝐸𝑞. 2.1) 

The MSL component is the average level of the sea surface over a defined period, usually a 

month or year, relative to a fixed point on land (Menéndez and Woodworth, 2010). It 

primarily includes a long term linear trend of sea level, inter-annual to centennial 

variations, and the seasonal (annual and semi-annual) cycle. The tidal component is a sea 

level oscillation with periods of half day, one day or a mixture of the two, directly 

associated in amplitude and phase to a periodic geophysical force (Pugh and Woodworth, 

2014). This forcing is primarily due to the varying gravitational attraction and rotation of 

the moon and the sun. After removal of the MSL and the tidal components from the 

observed sea level, what remains is defined as the NTR. This component mainly contains 

the meteorological surge driven by changes in winds and atmospheric pressure, and also 

includes tsunamis, seiches and other high-frequency variations.  

2.4 Mechanisms of sea level changes 

Changes in MSL, tides and the NTR component, are driven by several different 

mechanisms over a wide range of spatial and temporal scales. Global MSL changes reflect 

essentially mass addition and heat uptake by the ocean (Vermeer and Rahmstorf, 2009; 

Gregory et al., 2013). Changes in the shape of ocean basins due to glacial isostatic 

adjustment (GIA) or present-day mass redistribution also influence the variation in global 

MSL. Regional and local MSL changes can differ from global MSL due to: (1) non-

uniform steric (density) changes; (2) non-uniform changes in the gravity field associated 

with mass redistribution within the Earth’s system; and (3) VLM due to mass 

redistribution, tectonics, groundwater extraction and GIA (Stammer et al., 2013). These 

processes are shown schematically in Fig. 2.3. 
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Variation in steric sea level are due to changes in surface buoyancy fluxes (air-sea heat 

exchange, precipitation-evaporation, river runoff, and ice melting), and horizontal and 

vertical heat and salt advection that are primarily associated with changes in ocean 

circulation and changing winds (Ekman pumping and upwelling) (e.g. Piecuch and Ponte, 

2011; Fukumori and Wang, 2013). The fluctuation of the steric component is the primary 

contributor of sea level variability in the open ocean (Bingham and Hughes, 2008). The 

redistribution of water mass is due to the water exchange between land, atmosphere and 

ocean associated with several processes such as evaporation/precipitation, ice melting, and 

advection induced by atmospheric forcing and ocean currents (Stammer et al., 2013). In the 

coastal zone, the effect of wind forcing to the changes in steric and mass components is 

related to the presence of particular coastal physical processes, for instance, upwelling and 

coastally trapped waves (Gill and Clarke, 1974). 

Sea level changes due to VLM may include changes caused by earthquakes, sediment 

compaction, ground water extraction, GIA as well as changes caused by the redistribution 

of water due to modern glaciers or ice-sheets melting (Wöppelmann and Marcos, 2016). 

GIA is due to the ongoing viscoelastic response of the solid earth to the melting of ice 

sheets since the last deglaciation (Tamisiea and Mitrovica, 2011). The effect of GIA 

measured by the tide gauge is related to the crustal uplift at the tide gauge, and a gravity 

and far-field contribution. While the mechanisms affecting coastal sea level change are 

largely known, the relative contribution of each of them is not accurately known, 

particularly on regional scales. The measurement of their contribution can be achieved by 

the use of continuous GPS measurements (referred to as Global Navigation Satellite 

System (GNSS)) at the location of the tide gauge. Satellite measurements are also affected 

by GIA through changes in geoid height (Peltier, 2009) that are associated with the gravity 

and far-field contribution. Note that while there are several available GIA models, the GIA 



Chapter 2 

 

12 

correction may vary significantly from each other at the local and regional scales and this 

may affect the estimation of trends in MSL (Jevrejeva et al, 2014). 

Several different mechanisms and physical processes contribute to sea level trends and 

variability in particular regions. In the western Pacific, a large fraction of the sea level rise 

over the last two decades can be associated with the intensification of the Pacific trade 

winds (Timmermann et al., 2010; Merrifield et al., 2011). This zonal wind stress modulates 

the vertical movement of the thermocline that largely explains the sea level variability in 

this region (Palanisamy et al., 2015). Along the eastern boundary of the northern Atlantic 

and the Norwegian coast, decadal-scale sea level variability is driven by longshore wind 

forcing and the associated boundary waves (Calafat et al., 2012; Calafat et al., 2013). In the 

Mediterranean Sea, the forcing of wind and atmospheric pressure considerably contributed 

to the sea level variability between the period 1960 and 2000 (Tsimplis et al., 2008).  

Regional studies of the seasonal sea level cycle (SSLC) have been carried out for example 

in the Caribbean Sea (Torres and Tsimplis, 2012), the US Gulf Coast (Wahl et al., 2014), 

the North Sea (Plag and Tsimplis, 1999; Dangendorf et al., 2012; Dangendorf et al., 2013), 

the Baltic catchment (Hünicke and Zorita, 2008), and the Mediterranean (Marcos and 

Tsimplis, 2007). All these studies agree on the existence of considerable inter-annual to 

interdecadal variability in the amplitudes and phases of the seasonal cycle. The forcing 

factors of such variability are highly dependent on the region. For instance, Marcos and 

Tsimplis (2007) showed that temporal variability of the SSLC in the Mediterranean Sea 

was linked to changes in the surface heat fluxes, whereas Wahl et al. (2014) found changes 

in air surface temperature and atmospheric pressure to be the major drivers in the US Gulf 

Coast. In the North Sea and the Baltic Sea, Plag and Tsimplis, (1999) found considerable 

influence of atmospheric pressure on the temporal variability of the SSLC. 
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Changes in MSL, the oscillation of tides and the NTR can result in changes in the 

characteristics of ESLs. In their global investigation of changes in ESL, Menéndez and 

Woodworth (2010) observed increasing trends in ESL worldwide since 1970 and primarily 

attributed this to MSL rise. However, they found no significant trends in NTR at the 

majority of tide gauge sites. Various studies have identified changes in tides at several 

locations for instance in Japan (Rasheed and Chua, 2014), the English Channel in the 

United Kingdom (Haigh et al., 2010a), the northeast Pacific and around the coast of 

Australia (Mawdsley et al., 2015). These studies have found significant trends in mean 

tidal range. Changes in tides can be linked to changes in the amplitude of main tidal 

constituent (Woodworth, 2010) that occurred for example in China (Feng and Tsimplis, 

2014), the Caribbean Sea (Torres and Tsimplis, 2011) and the German Bight (Mudersbach 

et al., 2013). Furthermore, multidecadal variations in ESL unrelated to MSL changes are 

also observed around the coast of the United States (Wahl and Chambers, 2015) and 

considerable parts of Europe (Marcos et al., 2015).  

2.5 The South China Sea 

2.5.1 Physical and Geographical Description 

The SCS is one of the largest semi enclosed marginal seas in the western Pacific, linking 

the western Pacific Ocean to the Indian Ocean (Fig. 1). This ocean basin is located in the 

Southeast Asia approximately between the equator and 22°N and from 110°E to 120°E. It 

comprises shallow continental shelf areas in the north and south (< 200 m depth) and deep 

ocean areas in the central basin (~ 5000 m depth). A variety of water bodies surround the 

SCS including: the shallow basin of the Malacca Strait and the Gulf of Thailand, and the 

deep basin of the Sulu Sea, the Celebes Sea and the Philippine Sea. The countries that 

border the SCS are China and Taiwan in the north, Vietnam in the west, Malaysia and 
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Singapore in the south, and Philippines in the east. This region comprised several low-

lying coastal regions within 10 m from MSL (dark grey area in Fig. 1) and with large and 

rapidly growing mega-cities (i.e. with populations of more than five million people) such 

as Guangzhou (China), Bangkok (Thailand), Manila (Philippines) and Ho Chi Minh City 

(Vietnam). In particular, the coastal population is expected to rise about 24 million in the 

Philippines and Thailand and up to 59 million people in Vietnam by 2030 and be 

vulnerable to the impact of sea level rise and coastal flooding (Neumann et al., 2015). 

2.5.2 Climate  

The climate in the SCS is dominated by the two main monsoonal systems which reverse 

direction twice a year (Wang and Li, 2009). The Northeast Monsoon brings south-

westward winds from November to March (Fig. 2.4a), and this reverses during the 

Southwest Monsoon from June to September (Fig. 2.4b). The monthly mean wind speed 

during the Northeast Monsoon is stronger (about 10 m/s over the whole basin) than during 

the Southwest Monsoon period (about 8 m/s and 4 m/s in the southern and northern SCS, 

respectively) (Chu et al. 2004). During the Northeast Monsoon, persistent high 

atmospheric pressure systems reside in the northern SCS. The annual amplitude of sea 

level pressure reaches 7 hPa and peaks in January in this region (Chen et al., 2011). In the 

SCS, precipitation exceeds evaporation by about 650-1400 mm/yr (~0.06 - 0.15 Sv; 1 Sv = 

106 m3/s) (Cheng and Qi, 2007).  

On inter-annual scales, the climate of the SCS is primarily affected by the ENSO (e.g. 

Fang et al., 2006; Zong et al., 2010). The second mode of empirical orthogonal function 

(EOF2) of wind stress curl is negatively correlated (-0.65) with the Southern Oscillation 

Index for the period 1993-2012 (Soumya et al., 2015). The EOF2 as characterized by 

positive wind stress curl over the central SCS basin is associated with the La Niña events. 
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For the atmospheric pressure, the increase of this parameter over the western Pacific is 

linked to the El Niño events (Trenberth and Caron, 2000). Furthermore, the monsoon 

climate in the SCS is also connected to the ENSO via a set of complex processes, mainly 

through a low-level troposphere anomalous anticyclone (cyclone) over the western north 

Pacific that related to the El Niño (La Niña) events (Wang et al., 2000). In particular, Wen 

et al. (2000) noted that the characteristics of a strong East Asian Winter Monsoon mainly 

include stronger northerly winds along coastal East Asia, colder surface air temperature 

and higher pressure in the eastern Asian continent, lower pressure in the adjacent ocean 

and negative sea surface temperature anomalies in the eastern tropical Pacific (La Niña) as 

compared to the value of these parameters during a weak Asian Winter Monsoon. 

2.5.3 Ocean Dynamics 

The monsoonal system drives the surface ocean circulation in the basin leaving a clear 

fingerprint in coastal sea levels (Xu and Malanotte-Rizzoli, 2013). The surface currents (< 

100m depth) reverse direction between the summer and winter seasons (Liu et al., 2008; 

Fang et al. 2009). In winter, the SCS currents are southwest-southward directed forming a 

cyclonic circulation in the entire basin (Fig. 2c). During summer, the current flow turns to 

the north-northwest forming an anticyclonic circulation in the south of the SCS (Fig. 2d).  

The water exchange between the SCS and their neighbouring water bodies occur between 

several passages surrounding the SCS (Fig. 2.1). The water exchange in the SCS is 

predominantly associated with the inflow of water from the Pacific Ocean via the Luzon 

Strait (Luzon Strait transport (LST)) and the outflow of water via the Karimata and 

Mindoro Straits (Guohong et al., 2005; Qu et al., 2005). The inflow of cold and salty LST 

water in the northern SCS and the outflow of warm and fresh water in the southern and 

eastern SCS has been defined as the SCS throughflow (SCSTF) (Qu et al., 2009) and 
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affects the heat content (Qu et al., 2004), water mass properties (Qu et al., 2000), 

circulation (Qu et al., 2005) and sea level (Cheng and Qi, 2007) in the SCS. Since 2000, 

the estimation of the annual mean total volume transport of LST from ocean general 

circulation model based on the Modular Ocean Model (Fang et al., 2003; Qu et al., 2006; 

Tozuka et al., 2007) varies from 3.6 Sv to 6.4 Sv, larger in winter (up to 13 .7 Sv) and 

lower (up to 4.5 Sv) in summer (Fang et al., 2009). The LST is generally stronger during 

El Niño and weaker during La Niña (Qu et al. 2004). 

2.5.4 Regional Sea Level 

Most of the studies of sea level in the SCS have focused on changes in MSL. Regional and 

local MSL trends in the SCS have recently become the focus of sea level research in the 

area. Using satellite altimetry data over 1993-2012, Cheng et al. (2015) estimated a basin 

average MSL trend in the order of 5.0 mm/yr with regional deviations reaching up to 8 

mm/yr in the near coast of the eastern Philippines. This is consistent with findings from 

Cheng et al. (2014) who further partly attributed this increasing trend to the steric 

component. Cheng and Qi (2007) attributed the variations in the basin averaged sea level 

trend for the period 1993-2005 to changes in thermosteric sea level. These values are much 

larger than the global average sea level rise of about 3.1 ± 0.4 mm/yr (Henry et al., 2014) 

for the same period. By contrast, for the longer period between 1950 and 2009, based on a 

sea level reconstruction, Peng et al. (2013) and Strassburg et al. (2015) reported an average 

sea level increase in the SCS at a rate of 1.7 mm/yr, similar to global mean rates.  

The ISL variability in the SCS is known to be linked with ENSO (Wu and Chang, 2005; 

Rong et al. 2007; Peng et al., 2013). Sea level primarily rises during La Niña and falls 

during El Niño, with peak-to-peak fluctuations of the order of ± 5 cm (Rong et al., 2009). 

Zhou et al. (2012) found that steric changes are the primary contributor to ISL in the SCS. 
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This finding is consistent with the studies from Han and Huang (2009) and Feng et al. 

(2012). Cheng et al. (2015) demonstrated that sea level changes in the interior SCS can be 

linked with the surface wind anomalies associated with the ENSO. In the southern SCS, 

Soumya et al. (2015) suggests that the inter-annual sea level variability is connected with 

the ENSO and IOD via wind stress curl and volume transport variations.  

Several studies have explored the SSLC in the SCS using either tide gauges, satellite 

altimetry data or a combination of the two. Tsimplis and Woodworth (1994) noted 

different annual phases between the east and the west coast of the Malaysian Peninsular 

which peak in July and December respectively. Saramul and Ezer (2014) reported that the 

SSLC along the coast of the Gulf of Thailand is primarily driven by the wind associated 

with the seasonal monsoon. Based on satellite altimetry and an ocean model, Qinyu et al. 

(2001) found that the largest annual amplitude can be found off the northwest coast of the 

Philippines and peaks in July. Using altimetry data, temperature and salinity observations 

and satellite gravimetry data, from the Gravity Recovery and Climate Experiment 

(GRACE), Cheng and Qi (2010) suggested that the steric component contributes 

significantly to the SSLC in the deeper parts of the basin, whereas the mass component 

dominates in shallow waters. Using the ORA-S3 ocean analysis/reanalysis system, Zhou et 

al. (2012) demonstrated that the seasonal variations of dynamic sea level in the SCS are 

driven by buoyancy fluxes and local wind stress. Furthermore, Feng et al. (2015c) found 

that the SSLC from regional average tide gauges in the SCS were correlated well (~0.6-

0.7) with the variation in nearby sea surface currents for the period 1960-2010. Other 

contributions to the SSLC in the SCS are due to the gravitational forcing that includes an 

annual and semi-annual astronomical tidal (Pugh, 1987), and also the contribution of the 

pole tide to 12 and 14 month cycles of sea level. However, the corresponding sea level 
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amplitudes of both components in the SCS are less than 1 cm (Pugh and Woodworth, 

2014) and will therefore be neglected in this study.  

Assessments of ESL for the SCS, have been undertaken by Feng and Tsimplis (2014), 

Feng et al. (2015a) and Zhang and Sheng (2015). Using hourly tide gauge records, Feng 

and Tsimplis (2014) found that the spatial variation of maximum ESLs in the northern SCS 

varies between 1.6 m and 3.4 m and this were attributed to the contribution of tides and 

tropical cyclones. This is consistent with the finding from Zhang and Sheng (2015) on the 

basis of 2D ocean circulation model. Feng and Tsimplis (2014) and Feng et al. (2015a) 

showed that the trends in ESL was associated with the changes in MSL. In addition, Feng 

and Tsimplis (2014) found the inter-annual variability of ESL in the order of 0.3 m. They 

further suggested that the inter-annual variability in residual extremes may be linked to the 

global annual mean surface air temperature. 

2.6 Summary and Knowledge Gaps 

Although the VLM component affects the estimate of sea level trends from tide gauge 

records, previous studies in the SCS did not considered this factor except in the work of 

Trisirisatayawong et al. (2011), Tkalich et al. (2013a) and Luu et al. (2015). However, 

these three studies only focused on the Gulf of Thailand, Singapore and the southeastern 

SCS respectively. A recent approach to assess long-term sea level trend using sea level 

reconstructions (based on a combination of tide gauge and altimetry data) can offer 

valuable insight into the characteristics of sea level, especially before the altimetry era 

(Hamlington et al., 2013). Nevertheless, in regions dominated by coastal and shelf sea 

processes (e.g. strong boundary currents), such as in the SCS, tide gauge observations can 

differ significantly from nearby altimetry measurements (Calafat et al., 2014), which will 

degrade the ability of the reconstructions to recover sea level. For instance, the correlation 
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between sea level reconstruction and tide gauge and altimetry data in the SCS and the Gulf 

of Thailand ranges between 0.1 and 0.4 indicating low confidence in the resulting trends 

from reconstruction in these regions (Strassburg et al., 2015). Therefore, the first objective 

is to provide a comprehensive analysis of sea level trends on the basis of tide gauge records 

and altimetry data. Two main questions are addressed: (1) what is the magnitude of the sea 

level rise along the coasts in the SCS; and (2) what are the primary driving factors 

(including VLM) of the sea level rise. 

Most of the previous studies demonstrated that the ISL variability in the SCS is dominated 

by steric variations, and driven by the wind. However, this conclusion is derived from the 

basin averaged time series inferred from altimetry which mainly includes the central deep 

basin of the SCS. How large the contribution of the steric component and/or wind is, 

especially along the coast, and their mechanism remains unresolved in previous studies. In 

addition, little is known about spatial coherence of ISL variability along the coast. These 

gaps motivated the second objective, which is to examine the characteristics of ISL 

variability and the relative contribution of the various forcing mechanisms. 

While the spatial variation of SSLC in the SCS is known, how much of the observed 

monthly MSL variability can be explained by the seasonal signal over the whole basin is 

unclear. The mechanism of the SSLC in the open ocean of the SCS is dominated by the 

steric changes and driven by wind stress. However, little is known about the relative 

contributions of the steric component and the wind forcing to the SSLC around the 

coastline of the SCS. Thus, the third objective of this study is to quantify the spatial and 

temporal variation of the SSLC and determine the importance of various forcing 

mechanism especially in the coastal zone. 
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As described in the previous section, the study of ESL in the SCS is very limited. In 

particular, to date, there is no published literature about the regional study of ESL in the 

Malacca Strait. The regional study of ESL from Feng and Tsimplis (2014) and Feng et al. 

(2015a) only focused on the northern SCS. In the other study from Zhang and Sheng 

(2015) only investigated the 50 year return period of ESL along the coast of the SCS. 

Tkalich et al. (2013b) only focus on the local study of the assessment of ESL in the 

Singapore Strait with relation to the monsoon. The temporal changes of ESL in the 

southern SCS and their connection with climate variability such as ENSO is unknown. In 

particular, although the SCS is dominated by the seasonal monsoon, little is known about 

the contribution of seasonal changes to ESL. Therefore, the fourth objective is to evaluate 

the spatial and temporal variation of ESL in the SCS. 

 



Chapter 2 

 

21 

  

Figure 2.1. An illustration of the different factors that contribute to sea level changes across a wide range of space and time scales (adapted from Pugh, 2004). 
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Figure 2.2. Sea level variability (blue) over five glacial cycles derived from Red Sea cores (adapted from Grant et al., 2014). Grey lines represent the 95% probability 

interval. 
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 Figure 2.3. Mechanisms of regional sea level changes (adapted from Stammer et al., 2013). 
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 Figure 2.4. The average wind direction, sea level pressure and, currents and circulation (adapted from Fang et al. 2009) during the Northeast Monsoon 

(left) and the Southwest Monsoon (right).   
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 Data and General Methodology 

3.1 Introduction 

This chapter starts with a description of the range of different data sources used in this 

study. These include tide gauge records, altimetry data, oceanographic and meteorological 

records, vertical land motion data and climate indices. Then, the general methodology 

applicable to each of the four results chapter is described. Methodology that is specific to 

each objective is described in the corresponding chapter. 

3.2 Data Sources 

3.2.1 Tide Gauges  

Tide gauge records were obtained from the PSMSL (Holgate et al., 2013; 

http://www.psmsl.org/) and from the Research Quality Database of the University of 

Hawaii Sea Level Center (UHSLC) (Caldwell et al., 2015; 

http://www.uhslc.soest.hawaii.edu). The PSMSL database contains monthly averages from 

both the Revised Local Reference (RLR) and Metric datasets, while the UHSLC database 

comprises high resolution records (hourly). In order to make both data sources comparable, 

the UHSLC records were averaged to monthly means if at least 75% of data were available 

each month. Tidal signals were removed by applying a 72-hour moving average to the 

UHSLC hourly record before calculating the monthly average (Pugh, 1987). The 

difference in reference values of Metric and UHSLC data, with the RLR data, were 

corrected using the datum information provided on the PSMSL webpage, for each station. 

The RLR records were selected as the primary dataset because the monthly means have 

been reduced to a common datum by the PSMSL, except for the Kaohsiung and Ishigaki 

tide gauge records. The Metric and UHSLC data were chosen, at the Kaohsiung and 

http://www.psmsl.org/
http://www.uhslc.soest.hawaii.edu/
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Ishigaki tide gauge stations, respectively. For Kaohsiung, the Metric data is available from 

1973-2010 with a different datum for the period 1973-1996 and 1997-2010 (Fig. A1a). The 

Metric data (1973-1996) shows good agreement with the RLR data for their common 

period (1973-1989). The UHLSC data for Kaohsiung station is available from 1980-2010 

but shows disagreement with the RLR and metric data during 1980-1981 (up to 17 cm). 

Furthermore, a comparison of the monthly UHSLC data with the nearest altimetry data 

point also shows differences for the period 1999-2003 of about 10 cm. This gives higher 

confidence in using the metric data (1973-1996) for the Kaohsiung station. For Ishigaki 

station, the UHSLC data is longer (1969-2012) compared to the metric and RLR data 

(1987-2012) (Fig. A1b). 

One particularly valuable diagnostic tool to evaluate accuracy and reliability of tide gauge 

records, including the signal from the VLM, is by comparing the sea level time series with 

their neighbouring sites (Marcos and Tsimplis, 2008) (Fig. A1d). Quality checks for each 

monthly tide gauge record were performed by comparing the detrended data to those of 

nearby stations and to sea level anomalies from the nearest altimetry grid point (minimum 

correlation coefficient of 0.65), with the aim of identifying and removing outliers (Fig. 

A1c). As the tide gauge records at Quarry Bay and North Point contain matching datum 

information (Ding et al., 2001), they were merged into one time series and renamed as 

Hong Kong. Two long tide gauge records at Manila, in Philippines and Pom Phrachun, in 

Thailand are known to contain geophysical and anthropogenic signals since the 1960s, 

caused by land subsidence from excessive groundwater pumping (Phien-wej et al., 2006; 

Rodolfo and Siringan, 2006; Raucoules et al., 2013). The non-linear trend at these tide 

gauges was estimated by fitting sixth (r2=0.86) and fifth (r2=0.87) degrees polynomial at 

Manila and Pom Phrachun, respectively, and then removed from the records. 

Trisirisatayawong et al. (2011) assessed the changes in the crustal motion pattern in the 

Gulf of Thailand due to the Mw9.2 Sumatra-Andaman earthquake in 2004 based on two 
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GPS stations. They found that the downward land motion from 2005 to 2008 was about -

3.9 ± 2.1 mm/yr in the northern part and about -12.7 ± 4.2 mm/yr in the eastern part of the 

Gulf of Thailand. The distance between the GPS stations and nearby tide gauges is 26 km 

and 27 km for northern (Ko Sichang) and eastern (Ko Mattaphon) stations, respectively. 

Comparison of the detrended tide gauge data at Ko Taphao Noi, in the western part of 

Thailand with neighbouring stations (Langkawi and Pulau Pinang) shows large monthly 

mean differences (~10 cm) after 2004 that resulted from this earthquake event. Similar 

discrepancies were found for the tide gauges at Ko Lak and Ko Mattaphon. Therefore, all 

data after 2004 were removed in these three tide gauge records (Ko Lak, Ko Mattaphon 

and Ko Taphao Noi).  

The final quality controlled monthly tide gauge dataset contained records at 53 tide gauge 

sites across the study area, each of which is more than five years in length. The locations of 

these tide gauge sites are shown in Fig. 3.1. The period covered by each record is shown in 

Fig. 3.2. This monthly data is used in the study of SSLC (Chapter 6). For the study of sea 

level trends (Chapter 4) and ISL variability (Chapter 5), only 47 tide gauge sites were 

selected, which have monthly records longer than 15 years. Note that the study of SSLC 

was conducted during the period 2013-2014; therefore, the analysis is based on data 

finishing at the end of 2012. The analysis of sea level trends and ISL variability used data 

finishing at the end of 2014. 

In the study of ESL (Chapter 7), hourly sea level data from 34 tide gauges having records 

more than 12 years long were obtained from the UHSLC. The sea level records cover 

different periods between 1954 and 2014, with 29 stations having records longer than 20 

years (Fig. 3.3). The quality control was performed via visual inspection of each time 

series of observed hourly data and the NTR. Spurious values associated with a phase offset 

(Fig. A2), datum shift (Fig. A3) or data spike (Fig. A4) were removed from the time series. 

The extreme sea level records affected by the tropical cyclones were identified based on 
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the information from the Regional Specialized Meteorological Center Tokyo of Japan 

Meteorological Agency (http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-

eg/RSMC_HP.htm). The non-climate signals due to the tsunami driven by the Sumatra-

Andaman earthquake in 2004, were evident in the tide gauge records in the northern 

Malacca Strait (Ko Taphao Noi, Pulau Langkawi, Pulau Pinang and Lumut) and were 

removed.  

3.2.2 Satellite altimetry 

To estimate changes in MSL in the open ocean, satellite altimetry data produced by 

SSALTO/DUACS and distributed by Archivage Validation Interprétation des données 

des Satellites Océanographiques (AVISO) with support from Centre National d’Etudes 

Spatiales  (CNES) “Reference” series (http://www.aviso.altimetry.fr/en/data/products/sea-

surface-height-products/global.html) were used. Maps of Sea Level Anomalies (DT-

MSLA) were used to estimate ISL variability (Chapter 5) and the SSLC (Chapter 6), while 

Maps of Absolute Dynamic Topography (DT-MADT) were used to quantify the sea level 

trends (Chapter 4). Note that the DT-MADT is the sum of MSLA and the mean dynamic 

topography (sea surface height above geoid), allowing the appropriate correction of GIA 

for the computation of the sea level trends. The DT-MSLA dataset used in Chapter 4 is 

available on a 1/3° x 1/3° global Mercator grid and spans a period from 1993 to 2012. In 

Chapter 5 and 6, the newer version of DT-MADT and DT-MSLA covering a period 

between 1993 and 2014 were used respectively, and available on a 1/4º Cartesian grid. 

These datasets are a merged sea level anomaly product from various altimetry missions 

(i.e. T/P, Jason-1, Jason-2, Envisat, ERS-1 and 2 and Cryosat-2) to which all standard 

corrections have been applied. The corrections include the solid earth tide, ocean and pole 

tides, the wet and dry tropospheric corrections, the ionospheric correction, and the dynamic 

atmospheric correction (DAC). Note that DAC uses a barotropic model (MOG2D) forced 

by atmospheric pressure and wind for periods shorter than 20 days and the inverse 

http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm
http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
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barometer, otherwise. A full description of the product and data processing can be accessed 

in the ‘SSALTO/DUACS User Handbook’ (CLS-DOS-NT-06-034 – date 20/08/2016). The 

weekly data were averaged to compute monthly mean time series. The nearest grid point to 

each tide gauge dataset is used for comparison between the two datasets.  

3.2.3 Oceanographic Data 

Monthly means of globally gridded temperature and salinity data were obtained from the 

Ishii version 6.13 (Ishii and Kimoto, 2009) 

(http://amaterasu.ees.hokudai.ac.jp/~ism/pub/ProjD/v6.13/) and the EN4.1.1 (Good et al., 

2013;  http://www.metoffice.gov.uk/hadobs/en4/download-en4-1-1.html) datasets to 

estimate changes in steric sea level. The Ishii product covers the period 1945-2012 and has 

a horizontal resolution of 1º x 1º with 16 vertical levels from the surface to 1500 m depth. 

This dataset was utilized in the first study of this thesis related to the SSLC (Chapter 6) 

that was conducted during the period 2013-2014. During this period, the Ishii product was 

selected as most sea level studies in the SCS (e.g. Han and Huang, 2009; Rong et al., 2009; 

Cheng and Qi, 2010; Peng et al., 2013) used this dataset and thus will enable better 

comparison of the results in this thesis with their studies. However, as longer steric data 

was needed to the period 2014 and there is no updated data of the Ishii product after 2012, 

the EN4 dataset was used in the study of sea level trends (Chapter 4) and ISL variability 

(Chapter 5). This dataset spans a period from 1900 to present and are available on a 1º grid 

with 42 vertical levels from surface to 5350 m depth.  

An analysis of the available data in the SCS from the major sources of Ishii and EN4 

datasets, the World Ocean Database 2009 from the National Oceanographic Data Center 

(https://www.nodc.noaa.gov/OC5/WOD09/pr_wod09.html), indicates that both 

temperature and salinity observations are poorly sampled. For the period 1993-2009, there 

are, on average, 14 temperature and 3 salinity profiles per 2º x 2º for each year. For 

http://amaterasu.ees.hokudai.ac.jp/~ism/pub/ProjD/v6.13/
http://www.metoffice.gov.uk/hadobs/en4/download-en4-1-1.html
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temperature, 34% of the data are above 200 m depth, 39% between 200 m and 500 m 

depth, 26% between 500 m and 1000 m depth, and 1% below 1000 m depth, whereas for 

salinity, the percentages are 35%, 23%, 22% and 20%, respectively. The observations 

profiles are not evenly distributed throughout the study area and are mainly concentrated in 

the northern deep basin of the SCS and the Philippines as shown in Fig. 3.4. 

Comparisons of Ishii and EN4 products have been carried out by analysing the seasonal 

harmonics computed from these two datasets. The spatial variability of annual (Fig. 3.5) 

and semi-annual (Fig. 3.6) amplitudes and phases are generally consistent between these 

two datasets at most areas in the SCS. However, little differences were observed where the 

annual amplitudes are larger up to 7 cm both in the northern deep basin of the SCS as 

computed by the Ishii (Fig. 3.5a) and in the Celebes Sea as computed by the EN4 (Fig. 

3.5c) than the others. For the semi-annual harmonic, the amplitudes computed from the 

EN4 dataset in the Sulu Sea is larger up to 5 cm in the Sulu Sea (Fig. 3.6c) than the values 

computed by the Ishii. These differences can be associated with different approaches 

between these two datasets in the mapping method in smoothing, filtering and filling the 

data gaps, different instrument (XBT) bias adjustment and different baseline mean 

climatologies (Boyer et al., 2016; Wang et al., 2017). This is particularly true especially 

when dealing with limited data profile availability in the Celebes Sea and the Sulu Sea (see 

Fig. 3.4). So far, there is no study in the SCS that compares the suitability of 

oceanographic profiles from the Ishii and the EN4 datasets. Nevertheless, as the spatial 

patterns between these two datasets generally indicate good agreements, the major findings 

and conclusions of the Chapter 6 is expected to be not much differences either with using 

the Ishii or the EN4 datasets.  

The zonal and meridional horizontal surface current were obtained from the Simple Ocean 

Data Assimilation (SODA) (https://climatedataguide.ucar.edu/climate-data/soda-simple-

ocean-data-assimilation) for the period 1985-2010. The dataset is available as monthly 

https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
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mean values on a 0.5º resolution grid. This ocean reanalysis dataset was used to assess the 

western boundary current in the SCS at inter-annual scale (Chapter 5). 

3.2.4 Meteorological Data 

In Chapter 4 and 5, mean sea level pressure, zonal (u) and meridional (v) wind stress were 

obtained from the National Center for Environmental Prediction and the National Center 

for Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al.,1996; 

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html) to assess 

their relative contributions to the sea level trend and ISL variability. This monthly means 

dataset has a spatial resolution of 2.5º and spans the period from 1948 to present. 

In Chapter 6, mean sea level pressure, zonal (u) and meridional (v) winds at 10 m, and 

surface air temperatures, were obtained from the 20th Century Reanalysis Version 2, 

provided by the National Oceanic and Atmospheric Administration (NOAA) (Compo et 

al., 2011) (http://www.esrl.noaa.gov/psd/data/gridded/data.20thC_ReanV2.html). The data 

are available as monthly mean values on a 2.0º resolution grid, covering the period 1871-

2012 and were used to assess their relative contributions to the coastal SSLC. 

To estimate the contribution of the mean sea level pressure and the air temperature to the 

MSL at a tide gauge station, the value of such variables at the nearest grid point to the tide 

gauge was used. The wind relevant to the tide gauge is taken from the grid point providing 

the highest correlation with the tide gauge record among all grid points within a 4º x 4º 

area around the tide gauge.  

3.2.5 Vertical Land Motion Data 

The GIA correction applied to the tide gauge and altimetry comes from the ICE-6G 

(VM5a) model (Peltier et al., 2015) using two outputs, namely: the rate of change of 

coastal sea level (Dsea); and the radial displacement (Drad). The corrections applied are 

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
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different for the tide gauge and the altimetry data. Dsea is used to correct the tide gauge 

data. For the correction of altimetry, Drad is added to the values of Dsea to infer the 

gravity and far-field contribution (Dgd = Drad + Dsea). Note that the model does not 

provide uncertainty values for GIA. These can be as large as the absolute value of the GIA 

in areas where the GIA values are less than 0.5 mm/yr. Comparison of the Dsea values 

between the ICE-6G and the older version of ICE-5G indicate only small distinction where 

the differences of Dsea of the ICE-6G is larger up to 0.12 mm/yr and smaller down to 0.05 

mm/yr as compared to the ICE-5G. For the Dgd values, the differences between the ICE-

6G and the ICE-5G are also small about ±0.05 mm/yr. 

There is an underlying assumption that VLM are much slower than sea level rise, in most 

areas, and that they experience smaller rates of changes, save abrupt events, like 

earthquakes. VLM estimates based on GPS measurements co-located with the tide gauge 

are considered more comprehensive estimates because they include all vertical land 

movement components except the Dgd (Pugh and Woodworth, 2014). On these 

assumptions even short GPS records can be used to remove the VLM component from 

local sea level rise. However, there are few areas, for instance, in Norway, where changes 

in GIA are larger than sea level rise (Simpson et al., 2014).  Within our study area, GPS 

measurements from five GPS stations with tide gauges have been reported for Ko Sichang 

(Tsirisatayawong et al., 2011), Tanjong Pagar (Bouin and Wöppelmann, 2010), Geting 

(Santamaria et al., 2011), Keelung and Bintulu (both from Santamaria et al. 2012) and 

available from Système d'Observation du Niveau des Eaux Littorales (SONEL) 

(http://www.sonel.org). At these stations, the GPS measurement from these previous 

studies are combined with the component of the GIA model associated with gravity 

variations and changing shapes of the oceanic basins to correct the VLM and evaluate the 

geocentric sea level trend. Note that although these GPS are not truly co-located they can 

be used under an assumption that VLM are similar in the area where the tide gauge and the 
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GPS station are located. This is not self-evident and raises significant questions on the use 

of the specific GPS data.  

3.2.6 Climate Indices 

Two climate indices namely, the Multivariate ENSO Index (MEI) and the Western North 

Pacific Monsoon Index (WNPMI), were used to assess the large scale forcing on temporal 

variability of ISL variability (Chapter 5), the SSLC (Chapter 6), and ESL (Chapter 7). The 

Dipole Mode Index (DMI) index is also used in Chapter 5 and 7. The MEI is represented 

by the first principal component of six observable monthly standardized variables over the 

tropical Pacific from the Comprehensive Ocean-Atmosphere Dataset (COADS), that is: sea 

level pressure, surface u and v wind, sea surface temperature, surface air temperature and 

cloudiness (Wolter and Timlin, 1998) (http://www.esrl.noaa.gov/psd/enso/mei/). The 

WNPMI is defined using the difference of the 850-hPA zonal wind between a southern 

region (5º-15ºN, 100º-130ºE) and a northern region (20º-30ºN, 110-140E) (Wang and Fan, 

1999) (http://iprc.soest.hawaii.edu/users/ykaji/monsoon/seasonal-monidx.html). For the 

DMI, this index is estimated using the difference between sea surface temperature 

anomalies in the western and eastern region of equatorial Indian Ocean (Saji et al., 1999; 

http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole%20Mode%20Index.html). 

3.3 Methodology 

3.3.1 General Methodology 

This section describes the general methods used in Chapter 4, 5 and 6 in estimating the 

contribution of atmospheric pressure and steric heights of sea level variability. The 

contribution of changes in surface atmospheric pressure to the changes in MSL is 

estimated by using the inverted barometer (IB) (ηIB) approximation, as follows: 

ηIB =  
1

ρog
 (Pa̅ − P)  Eq. 3.1 

http://www.esrl.noaa.gov/psd/enso/mei/
http://iprc.soest.hawaii.edu/users/ykaji/monsoon/seasonal-monidx.html
http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole%20Mode%20Index.html
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Where, ρo is water density, g is the acceleration of gravity, P is the local atmospheric 

pressure and Pa̅ is the spatial average of pressure over the global oceans. Increases of 1 mb 

in local atmospheric pressure correspond to decreases of ~1 cm in local sea level. 

The steric height (ηs) was computed from temperature (T) and salinity (S) data profiles by: 

ηs =  −
1

ρs
 ∫ ρ′(T, S)dz

0

−H
, Eq. 3.2 

Where: ρs is a reference density; H is the reference depth; ρ’ represents a density deviation 

with respect to the time average of the in-situ density computed using the Thermodynamic 

Equation of Seawater -2010 (TEOS-10) (IOC et al., 2010); and z denotes depth. The steric 

component at a tide gauge, especially on the continental shelf, should not be taken at a 

point too close to the tide gauge, where water is too shallow to give a significant steric 

contribution. Bingham and Hughes (2012) found that taking the steric signal from a site 

close to the tide gauge but on the upper continental slope at a depth between 500 m and 

1000 m provided a good estimate of the steric height. Here, using detrended (and 

deseasonalized for Chapter 4 and 5) time series, the contribution of the steric signal on the 

coastal sea level was estimated from the steric grid point showing the highest correlation  

with the IB-corrected tide gauge record. 

In Chapter 4 and 5, the reference depth of 800 m is chosen to consider the substantial 

intrusion of salty Pacific water in the intermediate layer via the Luzon Strait into the SCS 

(Qu et al., 2000; Fang et al., 2009), especially due to the salinity variation above 750 m 

depth (Nan et al., 2013). The contribution of the steric signal on the coastal sea level was 

estimated from the steric grid point showing the highest correlation (using detrended and 

deseasonalized time series) with the IB-corrected tide gauge record. The single steric grid 

point was chosen within an area of 6º x 6º around the selected station, which is mostly at 

locations over the continental slope except in the Gulf of Thailand and the southwestern 
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SCS where the shelf areas is wider compared to the other regions. The highest correlations 

were obtained at locations over the continental slope. 

In Chapter 6, a similar approach using correlation as described in Chapter 4 and 5 was also 

used to identify the contribution of the steric signal on the coastal sea level. However, the 

steric height was computed taking 500 m as the reference depth in order to consider the 

steric variations due to seasonal intrusion of water from the Philippines Sea into the SCS 

(Qu et al., 2000; Fang et al., 2009) and water from the Andaman Sea into the Malacca 

Strait SCS (Amiruddin et al., 2011). In addition, the detrended time series used for 

correlation also contained the seasonal component. The steric height at the tide gauges 

located in the Malacca Strait, the northern SCS, the Philippines Sea and the south-eastern 

SCS is taken at the steric grid point located over the continental slope. For instance, the 

coastal steric signal for all tide gauges in the Malacca Strait was taken from the northern 

area where water depth reaches up to 1000 m. However, for tide gauge stations located in 

the south-western SCS and the Gulf of Thailand, the correlation is mostly negative due to 

the formation of gyre circulation near the edge of the shelf off the south of Vietnam (Fang 

et al., 2012). Hence, for such tide gauges, the seasonal harmonics of the coastal steric 

component were estimated by selecting the single grid point providing the lowest root 

mean square error when being compared to the selected tide gauge record within a 4º x 4º 

area around the tide gauge station. 
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Figure 3.1. Map of the study area showing the location of the tide gauge sites and their usage in the specific chapter in this study. The red colour indicates 

the low elevation coastal zone (i.e. the land that lies between 0-10 m above mean sea level). 
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Figure 3.2. Duration of the quality controlled monthly mean sea level records available for the 

study area. 
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Figure 3.3. Duration of the quality controlled hourly tide gauge records available for the study area. 
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Figure 3.4. Spatial distribution of in situ temperature and salinity profiles for the period 1993-2009 in the SCS. 
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Figure 3.5. Comparison of annual amplitude (right) and phase (left) between Ishii (top) and EN4 (bottom) 

datasets for the period of 1993-2012.  
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Figure 3.6. Comparison of semi-annual amplitude (right) and phase (left) between Ishii (top) and EN4 (bottom) datasets for the period of 

1993-2012. 
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 Mean Sea Level Trends 

4.1 Introduction 

Due to heterogeneous spatial patterns of sea level trends worldwide, it follows that global 

sea level rise rates are less appropriate for the assessment of impacts on the coastal zone at 

regional or local scales. Instead, the regional and localised changes in sea level trends and 

their mechanisms are important and need to be assessed. Knowledge of the dominant 

contributors allows a better understanding of the risks, the evolution of the risks in time 

and, can also indicate mitigation strategies, for instance, in the case of land subsidence due 

to water extraction in Manila and Bangkok. The component of the local sea level trends 

introduced by the various contributors can also be used for important deductions 

concerning global sea level rise. 

The studies that have examined mean sea level trends in the SCS have been discussed in 

Section 2.5.4. Previous studies of observed sea level trends in the SCS were primarily 

based on satellite altimetry data (Fang et al., 2006; Cheng et al., 2014; Cheng et al., 2015), 

and thus they focused on the open ocean only. The question of whether or not sea level 

trends in the coastal zone are different from those in the open ocean and what the relative 

contribution to the trends is for various driving factors such as atmospheric pressure, steric 

and in particular VLM, remain an unresolved issue. These issues are addressed here. 

The overall aim of this chapter is to determine the spatial and temporal variability of mean 

sea level trends and their contributing factors. There are four specific objectives. The first 

objective is to estimate coastal sea level trends from tide gauge records and nearby 

altimetry for different periods and assess their spatial and temporal variability. The second 

objective is to determine the relative contributions of VLM, atmospheric pressure and 

steric components to the coastal sea level trends. The third and fourth objectives are to 
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compute sea level trends from altimetry in the open ocean and evaluate the contribution of 

the steric component to these trends, respectively.  

4.2 Methods 

Monthly MSL data from 47 tide gauges with records longer than 15 years (Fig. 3.3), and 

altimetry data, were used to assess sea level trends in the SCS. Trends in sea level from the 

tide gauge and altimetry records were estimated using a linear model fitted to the monthly 

time series after removal of the average of the whole period and the mean seasonal cycle. 

The mean seasonal cycle was removed by subtracting the long-term average of each month 

from the time series. Trends were calculated for the total period over which each tide 

gauge has data. Trends over the common periods 1950-2000 and 1993-2014 were also 

estimated, for comparison between sites. The period 1950-2000 was selected to investigate 

spatial differences for the longer-term (~51 years) period common to 11 tide gauge 

records. The period 1993-2014 was chosen for comparison with the satellite altimetry data. 

For these two periods, trends were estimated for stations where data was available for at 

least 75% of the corresponding period and the missing data at the beginning and/or the end 

of the selected period were less than 10%. The uncertainty in trends is defined as two 

standard errors in order to provide 95% confidence intervals, and taking into account the 

effect of serial autocorrelation. This is done by reducing the number of degrees of freedom 

in the deseasonalized time series based on the equation proposed by Maul and Martin, 

(1993): 

n′ = n (
1−r

1+r
), Eq. 4.1 

Where n’ is an effective number degree of freedom, n is original degrees of freedom and r 

is serial correlation coefficient (defined in maximum lag autocorrelation). The value of n’ 

is less than n when r > 0. Using the deseasonalized time series to estimate the effective 
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number degree of freedom, the value of degrees of freedom affected by the removal of 

seasonal cycle here is assumed to be small and thus, not considered in this study. The 

composition of local sea level trends (ηtlocal) here can be represented as the sum of four 

contributions:  

ηtlocal = ηtVLM  +  ηtIB  +  ηtSt(ηTs +  ηHs) +  ηtMs + e,  Eq. 4.2 

Where: ηtVLM represents the trend in VLM; ηtIB the trend in mass redistribution in 

response to atmospheric pressure; ηtSt the trend in the steric component (i.e the 

combination of thermosteric, ηTs and halosteric, ηHs parts); ηtMs the trend in the mass 

component including only changes in ocean bottom pressure and unrelated to VLM; and e 

represents the uncertainty in the trends. The changes in the mass component can be 

associated with water mass transport, redistribution and the additional components driven 

by meteorological and hydrological forcing. When comparing the steric component with 

tide gauges, the trends for each component were estimated by using only the months for 

which tide gauge record is available. The equation (4.2) assumes that the contribution of 

mass and steric components are independent of each other although in reality there are 

clear physical links between them. The steric component was further investigated by 

keeping either the salinity or temperature variables constant, while estimating the 

contributions of thermosteric and halosteric variations respectively. 

4.3 Results  

4.3.1 Coastal Sea Level Trends 

The first objective was to estimate coastal sea level trends across the SCS basin. The 

relative coastal sea level trends estimated from the available tide gauge records, and the 

corresponding nearest grid points of the altimetry data, are listed in Table 4.1 and are 

shown in Fig. 4.1. The earliest record located at Macau (Site 27) in the northern SCS does 
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not have a significant trend (0.3 ± 0.5 mm/yr) for the period 1925-1985 (Fig. 4.1b). The 

longest records of about 67 years spanning the period 1947-2013 are at Legaspi (Site 37) 

and Cebu (Site 39) in the Philippines Sea (Fig. 4.1c). Both of these records show 

statistically significant trends, but the magnitudes are significantly (95% confidence) 

different. The trend at Legaspi (5.1 ± 1.1 mm/yr) is significantly larger than the trend at 

Cebu (0.9 ± 0.7 mm/yr).  

For the period 1950-2000, 11 long tide gauge records show statistically significant trend 

values ranging from -1.1 ± 0.3 mm/yr at Ko Lak (Site 15) in the Gulf of Thailand to 5.1 ± 

1.5 mm/yr at Davao (Site 41) in the Philippines Sea (Table 4.1) (Fig. 4.2a). Trends are not 

statistically significant at Keelung (Site 32), Cebu (Site 39) and Jolo (Site 42), also located 

in the Philippines Sea. Three tide gauges in the northern SCS (Hondau - Site 22, Xiamen - 

Site 30, and Hong Kong - Site 28) indicate reasonably good consistency in the trends 

(within the range of uncertainty) with values ranging between 0.9 and 2 mm/yr, Apart from 

the northern SCS, the inconsistency between the various trends especially in the 

Philippines Sea is problematic and suggests the dominance of local, rather than regional or 

global factors.  

For the period 1993-2014, the coastal sea level trends from 27 stations are significantly 

different from zero at all stations, except at Vungtau (Site 18) in the western SCS and 

Lahad Datu (Site 45), in the Celebes Sea (Fig. 4.2b). However significant differences in the 

trend values are observed. Larger trends (> 6 mm/yr) are observed in the Philippines Sea, 

the Sulu Sea and the Celebes Sea with maximum values up to 8.5 ± 3.3 mm/yr at Legaspi. 

The uncertainties in the trends in these regions are also larger compared to other sites, with 

values between 3 and 6 mm/yr. Two stations in the northern SCS, at Zhapo (Site 26) and 

Hong Kong (Site 28), show smaller sea level trends (< 3 mm/yr) compared to other 

stations. In the Malacca Strait and the southern SCS, the sea level trends values are 

coherent (within the range of uncertainty), ranging between 3 and 5 mm/yr. However, the 
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trend uncertainties are larger (between 2 and 3 mm/yr) in the Malacca Strait and the 

southeastern SCS than in the southwestern SCS (~1 mm/yr). The smaller uncertainty and 

variance in the southwestern SCS is associated with small inter-annual sea level variability 

compared to other regions (Section 5.3.1).  

From the 11 long tide gauges covering the period 1950-2000 only three stations (Hong 

Kong - Site 28, Legaspi - Site 37, and Cebu - Site 39) span the period 1993-2014. All these 

three stations show larger trend values in 1993-2014 than over the total period of 

operation. However, the uncertainty is large and for only one of them (Cebu) is the 

increase in the trend during the last twenty years statistically significant.  

For the same period 1993-2014, sea level trends from the coastal altimetry grid point 

nearest to the tide gauges show statistically significant trends at all but three stations 

(Kukup - Site 7, in the Malacca Strait, Vungtau - Site 18 in the southern Vietnam, and 

Ishigaki - Site 33, in the northern Philippines Sea) (Table 4.1). Altimetric sea level trends 

are larger at the tide gauges in Philippines, between 4.3 ± 1.6 at Port Irene (Site 34) and 6.7 

± 5.1 mm/yr at Davao (Site 41). The trends of 27 IB-corrected tide gauge records are in 

agreement with their corresponding altimetry data, within the range of uncertainty.  

4.3.2 Contributors to Coastal Sea Level Trends 

The second objective was to determine the relative contributions of land movement, 

atmospheric pressure and the steric components to the coastal sea level trends. 

4.3.2.1 Land movement 

Estimates of land movements from GPS stations relatively close to the tide gauges in the 

SCS (Tsirisatayawong et al., 2011; Bouin and Wöppelmann, 2010; Santamaria et al. 2012) 

are available at five tide gauge stations (Table 4.2). The GPS stations are located in a 

radius up to 100 m from each of the tide gauge stations except for the T. Pagar (Site 8) 
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which is further by up to 21 km. These provide information on the land movements in the 

vicinity of the tide gauge, although there could be significant differences in VLM (more 

than 1 mm) within such distances (Wöppelmann and Marcos, 2016). The GPS vertical 

velocity rates indicate significant land uplift at all stations with positive trends ranging 

from 2.3 ± 0.8 mm/yr at Tg. Pagar to 3.8 ± 1.3 mm/yr at Ko Sichang (Site 15). The GIA 

values are much smaller, with values ranging from -0.2 mm/yr at Tanjong Pagar and 

Bintulu (Site 50) to 0.1 mm/yr at Keelung (Site 32). 

Correcting for VLM, the geocentric sea level trends for the period 1950-2000 are available 

for two stations with values of 3.9 ± 1.5 mm/yr at Keelung and 4.7 ± 1.4 mm/yr at Ko 

Sichang. These values are significantly larger than the generally accepted range of global 

sea level rise over the similar period which is about 1.8 ± 0.3 mm/yr (Church et al., 2004). 

However, this result is to be expected since both land-ice melting and ocean heat uptake 

(the primary source of global MSL rise) give rise to highly non-uniform patterns of sea 

level rise (Tamisiea and Mitrovica, 2011). Regional oceanographic factors in the SCS may 

have also contributed to the larger rates of these trends. 

For the period 1993-2014, the geocentric trends range between 6.4 ± 2.2 mm/yr at Bintulu 

and 7.4 ± 1.7 mm/yr at Geting (Site 13), both in the southern SCS. Note that the relative 

trend at the Geting tide gauge, located on the pier, is consistent with the trend estimated 

from the corresponding altimetry point and that the VLM correction makes them 

inconsistent with each other. Thus, this raises additional uncertainty about the short record 

(~ 4 years) of VLM measurement at this tide gauge.  

The GIA values used are shown in Table 4.3. At the stations where GPS data are not 

available, only the GIA correction is applied. The GIA rates of change primarily indicate 

land uplift around the SCS, between 0 mm/yr at Ishigaki (Site 33), in the northern 

Philippines Sea and up to 0.5 mm/yr at Xiamen (Site 30), in the northern SCS and Cebu 
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(Site 39) in the Philippines Sea. Based on the output of GIA earth models simulation, Hay 

et al. (2015) found that the standard deviation of GIA in this region is approximately 0.2 

mm/yr. Considering this uncertainty range, the changes of GIA in this region are generally 

insignificant (95% confidence level).  

4.3.2.2 IB effect 

The differences of sea level trends between observed and IB corrected tide gauge records, 

for the period 1950-2014 and 1993-2014, are statistically non-significant except at Keelung 

(Site 32) in the northern Philippines Sea where the observed uncorrected trends are 

insignificant but become significant after applying the IB correction (Table 5.3). The 

significant IB-corrected trend at Keelung could be associated with some unusual aspect of 

local meteorology. In general, this indicates that the contribution of atmospheric pressure 

to the observed sea level trends from the tide gauge records in the SCS generally is not 

significant.  

4.3.2.3 Steric Component 

The steric trends for the period 1950-2010 from the 11 available tide gauge are statistically 

insignificant at all stations except at Ko Sichang (Site 17) (0.7 ± 0.5 mm/yr) in the Gulf of 

Thailand (Table 4.3). For the period 1993-2014, the 27 available stations show trends 

significantly different from zero ranging from 0.8 ± 0.5 mm/yr at Tanjung Sedili (Site 9), 

Pulau Tioman (Site 10) and Geting (Site 13) in the southeastern SCS to 7.5 ± 4.4 mm/yr at 

Cebu (Site 39) in the Philippines Sea. The steric trends are not statistically significant at 

the stations in the Malacca Strait, Vungtau (Site 18) in the western SCS and Ishigaki (Site 

33) in the northern Philippines Sea. Removal of the steric component from IB and GIA 

corrected tide gauge data reveals that the residual trends at Zhapo in the northern SCS (Site 

26) and the stations in the southeastern SCS, the Philippines Sea (except Ishigaki), the Sulu 

Sea and the Celebes Sea, are statistically insignificant. This indicates that the coastal sea 
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level trends in these regions are mainly dominated by the steric component. The lack of a 

statistically significant trend in the residuals is problematic as mass addition should have 

been detectable, however, it is probably masked by the large inter-annual variability of the 

steric signal, as shown in Chapter 5.  

4.3.3 Sea Level Trends from Altimetry 

The third objective was to estimate sea level trends in the open ocean based on the 

altimetry. The sea level trends estimated from the altimetry dataset are shown in Fig. 4.3. 

The basin average sea level trend is 4.5 ± 1.7 mm/yr (defined over the coloured area in Fig. 

4.3). The basin average is dominated by significant positive sea level trends, ranging from 

~2 mm/yr in the northern SCS to ~8 mm/yr along the central eastern Philippines coast. 

Insignificant trends are observed in the northern Philippines Sea. The trends in sea level 

were also computed from eight sub-regions shown in Fig. 4.3: the Malacca Strait; the 

southern SCS; the Gulf of Thailand; the central deep basin of the SCS; the northern SCS; 

the Philippines Sea; the Celebes Sea; and the Sulu Sea. These trends, listed in Table 4.4, 

vary between 2.9 ± 0.8 mm/yr in the northern SCS and 6.2 ± 5.7 mm/yr in the Celebes Sea. 

Furthermore, within the interior SCS basin, the trend of the northern SCS also shows 

distinction from the southern and central SCS, which show values of 4.0 ± 0.7 and 4.7 ± 

1.9 mm/yr, respectively.  However, the trends are not significantly different between each 

sub-region, considering the range of uncertainty. 

4.3.4 Contributors to Open Ocean Sea Level Trends 

The fourth objective was to evaluate the relative contribution of the GIA and steric 

components to the sea level trends in the open ocean. The shape changes of the ocean 

basins or geoid, as approximated by the GIA model, shows a meridional pattern with a 

contribution between -0.20 mm/yr in the south (~2 N) and 0.04 mm/yr in the northern 

region (~20 N) (Fig. B1). Note that the uncertainty of GIA contribution to the ocean basin 
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trend in the SCS is unknown. Except in the southern SCS, the GIA contribution in the large 

part of this region is small compared to the contribution of GIA to global altimetry 

estimates, with a maximum range of -0.15 to -0.5 mm/yr (Tamisiea, 2011).   

The steric sea level trends and its two components (thermosteric and halosteric trends) are 

shown in the Fig. 4.4 for the period 1950-2000. The steric trends are mostly insignificant 

except for the positive trends (0.6-0.9 mm/yr) in the central basin and the northern 

Philippines Sea, and the negative trend (-1 to -1.3 mm/yr) in the Luzon Strait (Fig. 4.4a). 

The pattern of thermosteric trends is very similar to that of the steric trends, though the 

magnitude of the thermosteric is slightly lower (Fig. 4.4b). For the halosteric component, 

the trends are only significant in the Philippines Sea where their values are about 0.4 

mm/yr (Fig. 4.4c). 

For the period 1993-2014, the significant steric sea level trends show large spatial 

variability ranging from ~1 mm/yr in the southern SCS to ~8 mm/yr at the central eastern 

Philippines coast (Fig. 4.5a). The basin average steric sea level trend is 3.2 ± 2.6 mm/yr 

(defined over the coloured area in Fig. 4.5a). The steric trends are insignificant in the 

northern Philippines Sea, the central deep basin, the Gulf of Thailand and the northern 

Malacca Strait. In the central Philippines Sea and the Celebes Sea, the steric trends are 

larger (7-8 mm/yr). The thermosteric component explains a substantial fraction of the 

steric trends in these regions with values between 5-7 mm/yr (Fig. 4.5b). However, the 

thermosteric trends in the SCS are generally insignificant in most of the basin except in the 

northern SCS, the Philippines Sea and the Celebes Sea. It is interesting to note that the 

thermosteric trends are not statistically different from zero, contrasting with the positive 

significant trends in the northern SCS (~2 mm/yr). For the halosteric trend, the basin 

average is 1.0 ± 0.5 mm/yr with larger trend in the northern SCS up to 3 mm/yr (Fig. 4.5c). 

The halosteric trends are insignificant in the Celebes Sea, the Malacca Strait and the Gulf 

of Thailand. Note that this discussion concerns trends estimated in an under sampled area 
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and are restricted to the upper 800 m of the ocean. The steric sea level trend was also 

computed for deeper layer (800 – 5000 m depth) for the period 1993-2014 (Fig. B2). The 

results indicate that trends were insignificant for most of the area except the southeastern 

Celebes Sea.  

After removal of the steric component from the altimetry data, the residual trends are 

insignificant in large parts of the northern SCS, the Philippines Sea and the Celebes Sea 

indicating the large influence of steric sea level changes in these regions (Fig. 4.5d). 

However on average, the residual trend in the SCS is about 2.9 ± 0.6 mm/yr indicating a 

significant contribution from the mass component. The significant positive trends are 

observed in the central deep basin of the SCS, the southern SCS, the Malacca Strait and the 

Gulf of Thailand. Such trends can be primarily attributed to the mass redistribution 

associated with global mass addition and local factors due to persistent wind changes and 

oceanic circulation. 

Assessment of the changes in zonal (Fig. 4.6) and meridional wind (not shown) indicate 

that trends are insignificant in most areas in the SCS. However, the significant positive 

trend of zonal wind stress in the northwestern Malacca Strait might suggest the 

intensification of eastward wind forcing driving the intrusion of Indian Ocean waters into 

the Malacca Strait. Thus, the significant residual trends in the Malacca Strait can be partly 

explained by the wind forcing pushing water from the Indian Ocean into this region.  

4.3 Discussions 

The long-term sea level trends in the Philippines Sea show significant spatial variability. 

Simons et al. (2007) analysed GPS data to examine the motion and plate boundaries at 

more than 100 sites in Southeast Asia for the period 1994-2004. From the eight GPS sites 

on the different islands in the Philippines, they found that land subsidence varied 

significantly between -0.3 and -17.7 mm/yr. Aurelio (2000) pointed out that these motions 
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can be due to active deformation along major structures of complex plate boundary in this 

archipelago’s region. Note that these are non-collocated GPS with the tide gauges and thus 

the compatibility of this land motion signals with the tide gauge records are unclear. 

Nevertheless, Simons et al. (2007) demonstrated active land motion signals in the 

Philippines that suggest the VLM partly contribute to the large variation of the coastal sea 

level trends in this region.  

The long term sea level trends from the observed tide gauge records in the Philippines Sea 

include VLM and therefore provide an accurate picture of the way sea level evolves in the 

region and the risks posed at the coastal stations. The lack of accurate knowledge of the 

apparently large VLMs suggested by Simons et al. (2007), means that the VLMs cannot be 

separated accurately from the other contributing factors and, as a consequence, the mass 

contribution is also uncertain. The estimated uncertainty of sea level trend is much higher 

because for some stations, only the GIA value is available, while for others, where GPS 

data provide such VLM estimates, the VLM measurements show that their values are 

approximately more than half of the average SCS basin sea level rise rates (4.5 ± 1.7 

mm/yr) for the period 1993-2014. 

After the 2004 Sumatra-Andaman earthquake event, Satirapod et al. (2013) reported 

subsiding rates between -4 and -12 mm/yr for the period 2005-2009 from the GPS 

observations in the Thailand. Here a large increase of sea level is found, for example, about 

20.7 ± 4.3 mm/yr between 2005 and 2014 at Ko Lak in the Gulf of Thailand, which could 

be linked to this event. Thus, the tide gauge records in Thailand after 2004 were omitted in 

my study. It has also been found that this earthquake event caused significant changes to 

the gravity field due to mass redistribution in the ocean basin (Melini et al., 2010; Broerse 

et al., 2014), affecting the sea level changes measured by the tide gauge and altimetry in 

this region. For instance, Melini et al. (2010) found that sea level will increase by about 5 

cm at Kota Kinabalu and Manila, during the next century due to that effect. However, due 
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to the current limited availability of data covering the SCS region, this seismic contribution 

to the sea level changes is not considered in our study. Nevertheless, as the seismic events 

might affect the uncertainty of the relative sea level trend (Melini et al., 2004), there is a 

need to monitor the contribution of this component in the future. 

The GIA correction applied to the tide gauge and altimetry in this region is very small. For 

the coastal sea level trend at five sites where the GPS measurements are available (Table 

4.2), the GIA correction represents a very small fraction of the total VLM. Therefore, 

relying solely on it to remove the contribution of VLM to the tide gauge trends is clearly 

insufficient to provide an adequate estimate of the absolute trends. The error introduced in 

the values of VLM corrected trends by ignoring the VLM at these stations is of the order of 

3 mm/yr. 

For the period 1993-2014, the steric contribution is dominant in the northern SCS, the 

Philippines Sea and the Celebes Sea (Fig. 4.5a). Thus, the large uncertainty in the observed 

trends (up to 6 mm/yr) in these regions for this period can be partly attributed to the 

changes in the steric component. Interestingly, in this study, a significant halosteric 

contribution to the observed sea level was found, primarily in the northern SCS. It is well 

established that the net Luzon Strait transport (LST) in the northern SCS is westward (Qu 

et al., 2009; Nan et al., 2015) indicating the intrusion of salty water from the Pacific into 

the SCS, all year round. On the basis of modelling results, Nan et al. (2013) reported the 

weakening intrusion of the Kuroshio Current into the SCS for the period 1993-2010, with a 

negative trend of the LST of about -0.24 Sv/yr. In addition, they found that the salinity 

above the intermediate layer (~750 m) was reduced by about 0.14 psu. Here, in the 

northern SCS, the computation of the halosteric trend for the period 1971-1992 indicates a 

negative trend of between -2 and -1 mm/yr, contrasting with the positive trend for the 

period 1993-2014. Therefore, the reduced inflow of Pacific water into the northern SCS 
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over the past two decades led to freshening of the water and this consequently raised the 

halosteric sea level trends in this region. 

The significant trends in the residual component can be attributed to the VLM (other than 

GIA for trend from tide gauge record), and to the mass component (such as mass transport 

and redistribution via current and circulation; Fig. 4.5d). Merrifield and Maltrud (2011) 

found that the increase of sea level trends in the western tropical Pacific Ocean over the 

past two decades can be attributed to the gradual intensification of the easterly Pacific trade 

winds. Furthermore, at seasonal scale, Amiruddin et al. (2015) (Chapter 6) also found the 

dominant role of wind forcing influencing seasonal sea level changes in the shelf areas of 

the SCS and the Gulf of Thailand. Thus, the role of wind forcing, inducing sea level trends 

via the current and circulation in the SCS, remains an open research area.  

4.4 Conclusions  

Sea level trends in the SCS have been examined using tide gauge records and altimetry 

observations. In addition, steric, atmospheric pressure and VLM datasets were used to 

explore the different components influencing the sea level trends. The relative sea level 

changes for the common periods 1950-2000 vary significantly across the 11 tide gauge 

records which cover this period. The significant trends in the northern SCS show good 

agreement with rates about 1-2 mm/yr. In the Philippines Sea, the sea level trends vary 

broadly from 0 to 5 mm/yr. For the period 1993-2014, relatively large sea level trends are 

observed along the Philippines coast of between 6 and 8 mm/yr. 

This study provides an overview of the available VLM measurement covering the SCS 

basin. The land motion from GPS stations and the modelled GIA contribution generally 

indicate land uplift in the SCS. The collocated GPS measurements from the five sites, most 

less than 10 years in length, suggest that local sea level trends are dominated by VLM. Due 

to the large magnitude of these VLM-corrected sea level trends, compared to the global sea 
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level trend, it is important for this region to provide continuous monitoring of VLMs in the 

future. The large spatial variability of trends also demonstrates an urgent need for an 

improved denser network of tide-gauges with co-located GPS receivers. This is crucial 

information that needs to be taken into consideration in producing reliable estimation of 

future sea level changes for coastal risk assessment purposes.  

Based on the altimetry data, the basin average sea level trend for the period 1993-2014 is 

4.5 ± 1.7 mm/yr. The sub-regional trend is smaller (2.9 ± 0.8 mm/yr) in the northern SCS 

and larger (6.2 ± 5.7 mm/yr) in the Celebes Sea. Due to the high spatial variability of the 

sea level trend, the basin average is a poor representative of the rate of sea level changes in 

the SCS basin. Alternatively, the use of sub-regional trends, as considered in this study, 

might be more appropriate to be applied in the regional coastal planning. 

In the northern SCS, the Philippines Sea and the Celebes Sea, most of the observed 

altimetry trends can be explained by steric changes, down to 800 m depth. In particular, it 

was found that a large part of the trend in the northern SCS is accounted for by halosteric 

trends of up to 3 mm/yr. Yu and Qu (2013) found significant connection between the 

Luzon Strait transport and the Pacific Decadal Oscillation on a decadal time scale. Thus, 

the long-term and decadal changes of the steric component, especially the halosteric 

component and its connection with Pacific Decadal Oscillation, are an interesting topic for 

future study.  

The separation of the observed trends into contributing factors involves large uncertainties 

but nevertheless indicates the dominant role of different parameters in the various tide 

gauges included in the study. Due to the difficulties in separating VLM and local 

oceanographic and atmospheric factors, the tide gauge of this region are problematic if 

used for the assessment of global sea level rise and thermosteric expansion caused by 

global warming. However, it should be very clear that the observed trends from the tide 
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gauges demonstrate large values of relative sea level rise and suggest significant 

vulnerability not only to global, but to regional and local factors. Therefore significant 

efforts should be undertaken to understand the contribution of each factor and assess the 

risks introduced. There is little point in having global projections of sea level rise focused 

on representing future melting ice-sheets and thermosteric expansion in the open ocean 

when millions of people are at risk of becoming inundated by local steric changes caused 

by regional alterations of oceanic circulation or by subsiding land, whatever the cause is.  

 



Chapter 4 

58 

Table 4.1. Coastal sea level trends 

 

Station Name 

 

Years 

Data 

Span 

(Years) 

Gaps 

(%) 

Variance 

(cm2) 

TG Trend 

whole 

record 

(mm/yr) 

TG Trend 

1950-2000 

(mm/yr) 

TG Trendb 

1993-2014 

(mm/yr) 

CA Trend  

1993-2014 

(mm/yr) No 

Area 

1 Ko Taphao Noi Malacca 

Strait 

1940-2003 63 5.4 128.38 0.4 ± 1.1 1.7 ± 1.5  3.2 ± 2.1 

2 Pulau Langkawi 1986-2014 30 3.1 46.49 3.7 ± 1.9  5.0 ± 3.2 3.4 ± 2.0 

3 Pulau Pinang  1985-2014 31 3.0 44.18 3.8 ± 1.8  5.2 ± 3.1 4.1 ± 1.9 

4 Lumut  1985-2014 31 3.2 38.41 2.8 ± 1.5  3.8 ± 2.6 5.3 ± 2.0 

5 Pelabuhan Kelang  1984-2014 32 3.4 47.23 2.6 ± 1.8  4.3 ± 3.3 4.6 ± 1.6 

6 Tanjung Keling  1985-2014 31 3.0 28.98 2.8 ± 1.5  4.2 ± 2.6 4.6 ± 1.4 

7 Kukup  1986-2014 30 3.1 22.39 3.7 ± 1.4  5.1 ± 2.2 1.9 ± 1.9 

8 Tanjong Pagar Southwestern 

SCS 

1989-2014 27 3.7 19.13 4.5 ± 1.2  4.9 ± 1.2 2.2 ± 1.6 

9 Tanjung Sedili 1987-2014 29 3.5 15.88 2.7 ± 0.7  3.0 ± 1.1 3.2 ± 1.2 

10 Pulau Tioman 1986-2014 30 3.4 14.57 3.2 ± 0.7  4.2 ± 1.1 4.5 ± 0.8 

11 Tanjung Gelang  1984-2014 32 2.9 15.10 3.4 ± 0.6  4.6 ± 1.0 4.2 ± 0.8 

12 Cendering  1985-2014 31 2.9 15.85 3.2 ± 0.6  3.9 ± 1.1 4.3 ± 0.9 

13 Geting  1987-2014 29 3.7 25.50 3.5 ± 0.8  4.0 ± 1.2 4.2 ± 0.9 

15 Ko Lak Gulf of 

Thailand 

1940-2003 65 3.6 25.62 -0.5 ± 0.2 -1.1 ± 0.3  3.3 ± 1.1 

17 Ko Sichang 1940-2002 63 8.0 29.61 0.8 ± 0.3 0.9 ± 0.4  5.2 ± 1.6 

18 Vungtau Western SCS 1979-2013 35 3.6 34.22 3.6 ± 1.0  0.6 ± 2.1 0.9 ± 1.4 

19 Quinhon 1977-2007 31 4.0 50.58 -1.3 ± 1.6   5.0 ± 1.4 

20 Danang  1978-2001 25 3.7 36.44 2.5 ± 1.4   3.0 ± 1.0 

21 Honngu  1978-2002 41 22.0 110.77 -4.1 ± 1.8   3.1 ± 1.1 

22 Hondau Northern 

SCS 

1957-2001 46 2.5 27.80 2.1 ± 0.6 2.0 ± 0.7  2.1 ± 1.1 

24 Beihai 1975-1994 21 4.4 15.44 1.1 ± 1.4   3.3 ± 1.2 

25 Haikou 1976-1994 20 4.6 16.86 6.3 ± 1.3   2.0 ± 1.5 
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26 Zhapo  1959-2014 57 1.6 39.53 2.2 ± 0.4  2.6 ± 1.7 3.3 ± 1.2 

27 Macau  1925-1985 61 4.1 51.20 0.3 ± 0.5   2.5 ± 1.4 

28 Hong Kong  1950-2014 66 2.1 52.06 1.3 ± 0.5 0.9 ± 0.7 2.2 ± 2.1 2.7 ± 1.4 

29 Shanwei  1975-1994 21 4.4 26.63 1.2 ± 1.4   2.6 ± 1.3 

30 Xiamen  1954-2004 52 2.4 50.03 1.1 ± 0.6 0.9 ± 0.6  3.4 ± 1.7 

31 Kaohsiung  Northern 

Philippines 

Sea 

1974-1996 24 3.8 33.06 0.4 ± 1.9   2.2 ± 1.1 

32 Keelung  1956-1995 41 2.5 21.57 0.4 ± 0.8 0.4 ± 0.8  2.7 ± 1.1 

33 Ishigaki  1969-2012 45 2.2 42.10 2.7 ± 0.7  3.7 ± 1.9 1.1 ± 1.8 

34 Port Irene Philippines 

Sea 

1987-2006 21 14.0 38.11 6.5 ± 3.1   4.5 ± 1.9 

36 San Jose 1988-2002 15 10.5 35.38 15.7 ± 7.9   5.1 ± 2.4 

37 Legaspi 1947-2013 67 5.4 37.18 5.6 ± 0.7 5.1 ± 1.1 8.5 ± 3.3 4.3 ± 1.6 

38 Tacloban  1951-1976 27 11.6 41.64 -0.1 ± 3.7   4.7 ± 2.5 

39 Cebu  1947-2013 68 12.8 36.27 0.9 ± 0.7 -0.2 ± 1.0 6.4 ± 4.6 6.3 ± 3.3 

40 Surigao  1987-2002 16 17.9 36.62 4.1 ± 7.0   4.6 ± 2.1 

41 Davao  1948-1993 47 6.4 39.14 5.2 ± 1.4 5.1 ± 1.5  6.7 ± 5.1 

42 Jolo, Sulu Celebes Sea 1948-1995 48 14.5 26.17 -0.5 ± 1.0 -0.7 ± 1.1  6.4 ± 3.3 

44 Tawau 1988-2014 28 3.3 29.33 4.9 ± 3.8  6.5 ± 5.1 5.6 ± 2.2 

45 Lahat Datu  1996-2014 20 4.6 32.30 5.6 ± 6.0  5.6 ± 6.0 6.0 ± 2.5 

46 Sandakan Sulu Sea 1994-2014 22 4.2 27.89 5.7 ± 3.2  5.7 ± 3.2 4.8 ± 1.6 

47 Kudat  1996-2014 20 4.6 31.74 3.9 ± 3.4  3.9 ± 3.4 5.2 ± 1.7 

48 Kota Kinabalu Southeastern 

SCS 

1988-2014 28 3.3 24.72 4.6 ± 1.6  5.1 ± 2.3 4.7 ± 1.6 

49 Labuan  1996-2014 20 5.4 26.56 3.9 ± 3.0  3.9 ± 3.0 4.9 ± 1.5 

50 Bintulu  1993-2014 23 4.0 16.38 2.9 ± 1.8  2.9 ± 1.8 3.9 ± 1.2 

52 Nan Sha Central SCS 1998-2014 26 3.5 42.51 4.8 ± 2.0  5.2 ± 2.5 3.9 ± 1.4 

53 Xi Sha  1990-2014 26 3.5 35.60 4.3 ± 1.7  4.7 ± 2.1 5.8 ± 2.4 
aUncertainties correspond to standard errors (95% confidence level) accounting for serial correlation. Trends for the period 1950-2000 and 1993-2014 

are calculated when more than 75% data are available. TG and CA trends represent trends computed from tide gauge and the nearest altimetry point to 

the tide gauge, respectively.  
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Table 4.2. Rates of vertical land motion from GPS, relative and geocentric sea level trenda. 

No TG Station 
GPS 

Station 
Year 

Data Span 

(year) 

Distance to 

TG (m) 

GPS Trend 

(mm/yr) 

Dgd of 

GIA 

(mm/yr) 

TG + GPS + Dgd 

Trend whole 

record (mm/yr) 

TG + GPS + Dgd 

Trend 1950–2000 

(mm/yr) 

TG + GPS + 

Dgd Trend 

1993-2014 

(mm/yr) 

8 Tanjong Pagar NTUS 1997-2006 8.9 21000 2.3 ± 0.8 -0.2 6.9 ± 1.4 - 7.3 ± 1.4 

13 Geting GETI 1999-2002 3.7 5 3.2 ± 1.2 -0.1 6.9 ± 1.4 - 7.4 ± 1.7 

17 Ko Sichang CHON 1995-2004 9 26 3.8 ± 1.3 0 4.6 ± 1.3 4.7 ± 1.4 - 

32 Keelung TWTF 2002-2010 9.1 61 3.6 ± 1.3 0.1 3.9 ± 1.5 3.9 ± 1.5 - 

50 Bintulu BINT 1998-2002 3.7 100 3.3 ± 1.3 -0.2 6.4 ± 2.2 - 6.4 ± 2.2 

a Uncertainties correspond to standard errors (95% confidence level) associated with serial correlation. Negative values of GIA indicate land uplift. The 

VLM-corrected trends for the period 1950-2000 and 1993-2014 are calculated when more than 75% data are available. No: station number of tide gauge and 

their location in map in Fig. 3.1, GPS: global positioning system, Dgd: the gravity and far-field contribution, TG: tide gauge and GIA: glacial isostatic 

adjustment. 
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Table 4.3. Trends of IB-corrected sea level, steric and residual components for the period 1950-2000 and 1993-2014a
 

 
Station Name 

GIA 

(mm/yr) 

Trend (mm/yr) 1950-2000  Trend (mm/yr) 1993-2014 

No TG –  IB Steric Residual  TG –  IB Steric Residual 

1 Ko Taphao Noi -0.3 2.0 ± 1.5 -0.1 ± 0.4 2.4 ± 1.4     

2 Pulau Langkawi -0.3     4.5 ± 2.8 1.2 ± 1.6 3.6 ± 1.7 

3 Pulau Pinang -0.4     4.8 ± 2.7 1.1 ± 1.6 4.0 ± 1.6 

4 Lumut -0.4     3.4 ± 2.3 1.1 ± 1.5 2.7 ± 1.5 

5 Pelabuhan Kelang -0.4     3.9 ± 2.9 1.4 ± 1.6 3.0 ± 1.7 

6 Tanjung Keling -0.4     3.8 ± 2.2 1.2 ± 1.6 3.1 ± 1.2 

7 Kukup -0.4     4.7 ± 1.8 1.2 ± 1.6 3.9 ± 1.0 

8 Tanjong Pagar -0.4     4.5 ± 1.0 1.3 ± 0.8 3.5 ± 0.9 

9 Tanjung Sedili -0.3     2.6 ± 1.0 0.8 ± 0.5 2.1 ± 0.9 

10 Pulau Tioman -0.3     3.8 ± 0.9 0.8 ± 0.5 3.3 ± 0.8 

11 Tanjung Gelang -0.3     4.2 ± 0.9 2.4 ± 1.4 2.1 ± 1.0 

12 Cendering -0.3     3.5 ± 1.0 2.4 ± 1.5 1.3 ± 1.2 

13 Geting -0.3     3.6 ± 1.1 0.8 ± 0.5 3.1 ± 1.1 

15 Ko Lak -0.3 -0.7 ± 0.3 0.7 ± 0.5 -1.0 ± 0.5     

17 Ko Sichang -0.4 1.3 ± 0.4 0.1 ± 0.1 1.5 ± 0.4     

18 Vungtau -0.4     0.1 ± 1.9 -0.2 ± 0.3 0.7 ± 1.9 

22 Hondau -0.3 2.5 ± 0.6 0.2 ± 0.6 2.6 ± 0.8     

26 Zhapo -0.4     2.1 ± 1.5 3.5 ± 2.9 -1.0 ± 2.2 

28 Hong Kong -0.4 1.4 ± 0.7 -0.0 ± 0.4 1.7 ± 0.6  1.6 ± 2.0 1.8 ± 1.7 0.2 ± 1.9 

30 Xiamen -0.5 1.4 ± 0.6 0.4 ± 0.8 1.4 ± 0.8     

32 Keelung II -0.2 0.9 ± 0.8 -0.3 ± 1.2 1.3 ± 1.1     

33 Ishigaki II 0.0     3.2 ± 1.9 -0.1 ± 2.0 3.3 ± 1.9 

37 Legaspi -0.4 5.4 ± 1.0 -0.4 ± 0.8 6.2 ± 0.5  7.8 ± 2.8 7.0 ± 4.3 1.2 ± 1.9 

39 Cebu -0.5 0.2 ± 0.8 -0.4 ± 0.8 1.0 ± 0.4  5.9 ± 4.2 7.5 ± 4.4 -1.1 ± 2.4 

41 Davao -0.3 5.5 ± 1.4 -0.1 ± 1.8 5.9 ± 1.0     
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42 Jolo, Sulu 0.0 -0.2 ± 1.0 0.3 ± 1.5 -0.5 ± 1.1     

44 Tawau -0.4     6.0 ± 4.3 5.7 ± 3.5 0.7 ± 2.1 

45 Lahat Datu -0.4     5.4 ± 5.1 4.8 ± 4.5 0.9 ± 2.7 

46 Sandakan -0.4     5.3 ± 2.7 5.0 ± 3.0 0.7 ± 2.0 

47 Kudat -0.3     3.7 ± 2.9 4.0 ± 4.3 0.1 ± 2.2 

48 Kota Kinabalu -0.4     4.7 ± 1.9 4.9 ± 3.1 0.2 ± 1.7 

49 Labuan 2 -0.4     3.7 ± 2.5 2.9 ± 2.2 1.2 ± 2.1 

50 Bintulu -0.3     2.6 ± 1.6 3.0 ± 1.7 -0.1 ± 1.6 

52 Nan Sha -0.1     5.0 ± 2.4 1.9 ± 1.8 3.1 ± 2.1 

53 Xi Sha -0.1     4.3 ± 1.9 0.6 ± 0.9 3.8 ± 1.8 
aUncertainties correspond to standard errors (95% confidence level) accounting for serial correlation. Steric trends are computed using only 

months where tide gauge records are available. Residual represent tide gauge records corrected for GIA, IB and steric. Negative values of 

GIA indicate land uplift. No: station number of tide gauge and their location in map in Fig. 3.1, TG: tide gauge, IB: inverted barometer 

correction applied and GIA: glacial isostatic adjustment. 
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Table 4.4. Average regional sea level trend from altimetry for different sub-regions of the SCS for the period 1993-2014 

Region Trend (mm/yr) 

Malacca Strait (MS) 3.7 ± 2.0 

Gulf of Thailand (GT) 3.8 ± 0.8 

Southern SCS (SSCS) 4.0 ± 0.7 

Northern SCS (NSCS) 2.9 ± 0.8 

Central deep basin of the SCS (CBSCS) 4.7 ± 1.9 

Philippines Sea (PS) 5.2 ± 3.8 

Celebes Sea (CS) 6.2± 5.7 

Sulu Sea (SS) 5.8 ± 3.6 

a Boundary of each regions is defined in the Fig. 4.3   
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Figure 4.1. Monthly deseasonalized local MSL (grey) and linear sea level trends (red) for each long tide gauge records (>30 yr) in the southwestern 

basin including the Gulf of Thailand and Malacca Strait (a), the northern SCS (b) and the eastern basin (c). The number in brackets represents the 

location of tide gauge as shown on the map in Fig. 3.3. All the time series have been offset for comparison.. 
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Figure 4.2. Relative sea level trend (mm/yr) for the period 1950-2000 (a) and 1993-2014 (b) from tide gauge records. Circle with crosses indicate locations 

where the trend is statistically insignificant (95% confidence level). 
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Figure 4.3. Sea level trend (mm/yr) for the period 1993-2014 from altimetry. Grey asterisks indicate locations where the trend is statistically insignificant 

(95% confidence level). The defined sub-region boundaries of the Malacca Strait (MS), the Gulf of Thailand (GT), the southern SCS (SSCS), the northern 

SCS (NSCS), the central deep basin of the SCS (CBSCS), the Sulu Sea (SS), the Celebes Sea (CS) and the Philippines Sea (PS) are also shown. 
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Figure 4.4. Sea level trend (mm/yr) for the period 1950-2000 from steric (a), thermosteric (b) and 

halosteric (c) components. Grey asterisks indicate locations where the trend is statistically 

insignificant (95% confidence level). 
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Figure 4.5. Sea level trend (mm/yr) for the period 1993-2014 from steric (a), thermosteric (b), halosteric (c) and residual (altimetry minus steric) (d) 

components. Grey asterisks indicate locations where the trend is statistically insignificant (95% confidence level). 
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Figure 4.6. Trend of zonal wind stress (N m-2 y-1) for the period 1993-2014. Grey asterisks indicate 

locations where the trend is statistically insignificant (95% confidence level). 
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 Inter-annual Variability in Mean 

Sea Level 

5.1 Introduction 

High uncertainty in the estimation of sea level trends, as shown in the previous chapter, is 

primarily associated with large inter-annual sea level (ISL) variability. The mechanisms 

responsible for this variability are connected to large-scale climate variability, including 

the ENSO. Therefore, understanding the characteristics of sea level variability and their 

possible mechanism are essential to reduce the uncertainties in regional sea level 

projections (Calafat et al., 2013), and to assess whether the observed sea level changes 

represent a temporal fluctuation or a sustained sea level change.  

The previous studies that have explored ISL variability in the SCS have been discussed in 

Section 2.5.4. The steric component is known to primarily modulate the ISL variability in 

the centre deep basin of the SCS (Rong et al., 2007; Peng et al., 2013). However, how 

much the relative contribution of the steric component, atmospheric pressure and wind, to 

the ISL variability along the coast of the SCS remains unclear. Furthermore, the relation of 

the inter-annual variability of sea level with the monsoon is also unknown.  

The overall aim of this chapter is to examine the characteristics and possible mechanisms 

of ISL variability. There are three specific objectives. The first objective is to assess spatial 

characteristics of the ISL variability. The second objective is to estimate the relative 

contribution of atmospheric pressure, the steric component and wind stress to the ISL 

variability. The third objective is to determine the ability of regional climate indices in 

describing the ISL variability in the SCS 
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5.2 Methods 

Similar to the previous chapter, monthly MSL data from 47 tide gauges with records 

longer than 15 years (Fig. 5.1), and altimetry data, were used to assess ISL variability in 

the SCS. The inter-annual variability of each variable was estimated by applying a 13-

month running mean (centered in the seventh month of each period) to each time series 

after removing their mean seasonal cycle and the longer-term linear trend (denote hereafter 

as a low-pass filtered time series). The regional coherency of the ISL variability along the 

coast has been examined using cross correlation between pairs of the low-pass filtered tide 

gauge records. From the result of this cross-correlation, four regions were identified 

showing areas of higher correlation between nearby sites, indicating distinct coherence 

between each region (see Section 5.3.1 for further discussion). These four regions are the 

Malacca Strait, the southwestern SCS, the northern SCS, and the eastern basin (the 

Philippines Sea, the Sulu Sea, the Celebes Sea and the southeastern SCS). Note that the 

term eastern basin and the Philippines Sea hereafter do not include the area of the northern 

Philippines Sea. As the period of correlation varies due to the temporal heterogeneity of 

the tide gauge records, the cross-correlation analysis was also applied between pairs of the 

nearest grid point of altimetry from tide gauge stations. This approach enabled further 

assessment of regional coherency specifically for the period 1993-2014.  

The approach of synthesizing a sea level index from tide gauge records can considerably 

resolve inconsistencies between nearby sites and the gaps in their record (e.g. Woodworth 

et al., 1999; Haigh et al., 2009; Marcos et al., 2012). Here, a single time series of a sea 

level index was produced from each coherent region by subtracting the mean values of 

time series and then averaging the residual of detrended and deseasonalized monthly 

values of selected tide gauges records. The chosen tide gauge records contained at least 

50% of available data for the period 1985-2014. In addition, their mean standard deviation 

must be within 15 mm from the average standard deviation of tide gauges in that particular 



Chapter 5 

73 

region. The selected tide gauges include five stations (Site 2-6) in the Malacca Strait, six 

stations (Site 8-13) in the southwestern SCS, three stations (Site 23, 25 and 27) in the 

northern SCS, and 8 stations (Site 31, 33, 39-44) in the eastern basin (Fig. 5.2). Then, a 13-

month central running mean was applied to each time series of the sea level index and this 

format is used for all the analyses related to the ISL variability. 

In order to extract the spatially-coherent patterns, Empirical Orthogonal Function (EOF) 

analysis was used. The EOFs describe the spatial and temporal patterns of a distinct mode 

and can be used, to a certain extent, in finding the connection with a physical cause. The 

EOF representation of sea level (η) at a certain latitude (ϕ) and longitude (λ) over time (t) 

can be defined as follows: 

η(ϕ, λ, t) = ∑ 𝑎𝑘
𝑁
𝑘=1 (ϕ, λ)𝑏𝑘(𝑡) Eq. 5.1 

Where 𝑎𝑘(ϕ, λ)and 𝑏𝑘(𝑡) are the eigenvectors of the spatial and temporal covariance 

matrices respectively, k is the EOF mode and N is the maximum number of modes used. 

The EOF analysis was performed on the four low-pass filtered regional indices for the 

period 1985-2014 and altimetry data for the period 1993-2014. The temporal amplitude 

(bk) of each EOF mode from the regional indices and altimetry were regressed to each sea 

level index and the altimetry for their respective period as described previously. This 

approach was undertaken to estimate how much of the ISL variance can be explained by 

the leading EOFs.  

All correlations quoted in this paper used a 13-month central running mean time series and 

are significant at the 95% confidence level. The significance of the correlation took into 

account the reduction of the effective degrees of freedom, by a factor of 13. The statistical 

significance is based on t-test at the 95% confidence level. 

A stepwise regression model was used to quantify the mechanisms of ISL variability for 

each tide gauge record for the period 1950-2014. The stepwise regression with forward 
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selection only includes independent parameters that add to the highest variance accounted 

for in the ISL variability. Using the steric (St) and wind stress forcing as independent 

parameters in the regression model, this allows estimation of their combination and 

specific contributions. The wind stress forcing was mainly represented by the local forcing 

of zonal (UW) and meridional (VW) winds stress (see Section 3.2.4 for general selection 

approach) at most sites except in the southeastern SCS. In this region, sea level at the tide 

gauge sites are found to be more correlated with the distant forcing of wind in the northern 

SCS (0.7-0.8) compared to the local wind (~0.6) (see last paragraph in Section 5.3.2 and 

Section 5.4 for further discussion). The IB-corrected tide gauge records (η𝐼𝐵𝐶) were 

selected as the dependent variable. The regression model of the steric component and wind 

stress (RMSW) can be described in general as: 

η𝐼𝐵𝐶 = 𝐾 + 𝑎𝑆𝑡 +  𝑏𝑈𝑊 + 𝑐𝑍𝑊 + noise  Eq. 5.2 

The relationship between the ISL variability, at each tide gauge site, with the climate 

indices of MEI, WNPMI and DMI for the period 1950-2014 was assessed using correlation 

analysis. Then, the stepwise multiple linear regression was used to measure how much the 

ISL variability can be accounted for by these climate indices. The regression model of 

climate index (RMC) involved the observed tide gauge records as dependent variables, 

whereas the significantly correlated climate index with dependent variable was selected as 

independent parameter as follows:  

η = 𝐾 + 𝑎𝑀𝐸𝐼 +  𝑏𝑊𝑁𝑃𝑀𝐼 + 𝑐𝐷𝑀𝐼 + 𝑛𝑜𝑖𝑠𝑒  Eq. 5.3 

To assess the relation of the steric component and wind stress with the climate indices in 

driving the changes in ISL, the MEI, WNPMI and DMI were added as additional 

independent parameters in the RMSW (Eq. 5.2). In the eastern basin, the WNPMI time 

series in the regression model was set with the phase four month ahead than sea level time 

series. This is due to the significant correlation during the period WNPMI leads the ISL 
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variability in this region compared to the nonsignificant correlation over the same period. 

(see Section 5.3.3 for further discussion).  

All time series used in the regression model were deseasonalized, detrended, low-pass 

filtered (13-month central running mean) and normalized. Normalization of each time 

series was done by subtracting the mean and dividing by the standard deviation. A constant 

(K) was included in all the regression model. The statistical significance of all the 

regression models is calculated at the 95% confidence level based on f-statistics and also 

taking into account the reduced degrees of freedom due to the 13-month running mean (a 

factor of 13). 

The percentages of variance (VE (%)) of a variable, z, explained by another variable, w, 

was estimated as: 

𝑉𝐸 % = (1 −  
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑧−𝑤)

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (z)
 ) 100  Eq. 5.4 

This approach provides an assessment of the agreement between two variables on the basis 

of magnitude and variability (Calafat et al., 2013), and is used here to quantify the variance 

accounted for by the ISL variability in the monthly MSL (detrended time series with 

seasonal component remained). It is also used to evaluate the agreement of the regression 

model with the ISL variability.  

Due to the possible interaction effects (between each independent parameter) in the total 

multiple regression model (see Jaccard and Turrisi, 2003), the variance of ISL explained 

by the model will include components that are combinations of independent parameters. 

This is also the case for the individual variance accounted for by each independent 

parameter in the total regression model. Thus, the unique variance contribution of each 

specific independent parameter was estimated to remove the amount of variance shared 

with another parameter. To estimate the unique variance contribution of the steric 
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component and wind stress in the RMSW, the steric component and wind stress were 

regressed separately on the IB-corrected tide gauge records. The unique contribution of the 

steric and wind stress have been quantified as follows: 

𝑉𝐸𝑈𝑆𝑡 = 𝑉𝐸𝑇 −  𝑉𝐸𝑊   Eq. 5.5 

𝑉𝐸𝑈𝑊 = 𝑉𝐸𝑇 −  𝑉𝐸𝑆𝑡   Eq. 5.6 

Where 𝑉𝐸𝑇, 𝑉𝐸𝑆𝑡 , and 𝑉𝐸𝑊 are the percentages of variance explained (%) by the 

regression model of RMSW, the steric component and wind stress respectively. This 

approach was also applied to estimate unique variance contributions of MEI, WNPMI and 

DMI in the RMC. For instance, the unique variance contribution of MEI was quantified as 

follow: 

 𝑉𝐸𝑈𝑀𝐸𝐼 = 𝑉𝐸𝐶 −  𝑉𝐸𝑂𝐶  Eq. 5.7 

Where 𝑉𝐸𝐶 , 𝑉𝐸𝑀𝐸𝐼 , and 𝑉𝐸𝑂𝐶  are the percentages of variance explained (%) by the 

regression model of RMC, MEI and other significant climate parameters respectively. 

Therefore, the unique variance contribution of specific independent parameter is assumed 

to be independent of other parameters. For example, the unique variance contribution of 

the steric component is independent of wind stress and vice versa. 

A composite plot of the wind forcing was used to qualitatively examine their relation with 

the ISL variability for each of the four sea level indices. This composite plot displays the 

anomalies of mean low pass-filtered wind stress and wind stress curl patterns according to 

the period of high increase (>one positive standard deviation) and large decrease (<one 

negative standard deviation) of sea level for each index. It is interesting to note that most 

of these positive and negative peak periods occurred over the winter monsoon (November 

to February). 
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5.3 Results 

5.3.1 Characteristics of Inter-annual Sea Level Variability 

The first objective was to assess spatial characteristics of the ISL variability. Based on the 

available period of the tide gauge records, the variance of ISL show high spatial variability 

with smaller values in the southwestern SCS (4.2 to 9.0 cm2) and larger values in the 

Philippines Sea (19.1 to 31.5 cm2) (Table 5.1). The percentage of variance of monthly 

MSL explained by the inter-annual variability is larger in the Celebes Sea, between 47% at 

Jolo (Site 42) and a maximum of 76% at Tawau (Site 44). This is followed by the sites in 

the Philippines Sea where the percentage of explained variance is between 31% and 46% 

except at Port Irene (Site 34) (8%). The minimum percentage of explained variance is 

observed in the southwestern SCS which is mostly less than 3%, except at Tanjong Pagar 

(Site 8) (9%). In the southwestern SCS, the small, explained variance is related to the 

larger contribution of seasonal cycle to the monthly MSL (up to 92%) (see Section 6.3.1 

for further discussion) as compared to the interannual variability.   

Based on altimetry data for the period 1993-2014, the variance of ISL variability is mostly 

smaller in the southwestern SCS (< 3 cm2) while the larger variance is located in the 

Philippines Sea (30 to 70 cm2) (Fig. 5.3a). The larger contribution of inter-annual 

variability is found in the Celebes Sea, which accounts for between 55% and 70% of the 

observed monthly MSL variability (Fig. 5.3b). Along the continental shelf of the northern 

SCS, the southwestern SCS and the Gulf of Thailand, the minimum percentage of 

explained variance was observed (less than 5%).  

The spatial characteristics of ISL along the coast was further explored on the basis of 

cross-correlation between pairs of low-pass filtered (13-month running mean) tide gauge 

records (Fig. 5.4a). The larger correlation values (0.7-0.9) indicate that the coherence of 

ISL variability is greater within each of the three sub regions of: the Malacca Strait; the 
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southwestern SCS; and the eastern basin (the Philippines Sea, the Celebes Sea, the Sulu 

Sea and the southeastern SCS). The tide gauges in the northern SCS also show significant 

correlation with each other, although with lower values (0.5-0.8) than the three regions 

described above. The ISL variability in each of these regions also is mostly significantly 

correlated with that of the other three regions. 

The cross-correlation analysis was also performed on altimetry records from the nearest 

grid point to the tide gauge stations to evaluate regional coherency specifically for the 

period 1993-2014 (Fig. 5.4b). Higher correlations (0.6-0.9) were identified in the region of 

Malacca Strait, the southwestern SCS, the northern SCS and the eastern basin. The other 

regions, namely the Gulf of Thailand (15, 17), the Gulf of Tonkin (22-25) and the northern 

Philippines Sea (31-33), do not show large-scale spatial coherence in sea level variability. 

Accordingly, an index was produced to represent the large scale sea level variability for the 

Malacca Strait, the southwestern SCS, the northern SCS and the eastern basin (Fig. 5.5). 

The average standard deviation for the period 1985-2014 (grey line in Fig. 5.5) is smaller 

in the Malacca Strait (16 cm) and the southwestern SCS (14 cm) compared to the northern 

SCS (27 cm) and the eastern basin (28 cm). The main common features in the all indices 

are a drop in sea level in 1997 and an increase in 1998/1999 that corresponds with the 

occurrence of the strong El Niño and La Niña respectively, at that time. The eastern basin 

and the Malacca Strait indices further exhibit similar features of a fluctuation of sea level 

during 1987/1988 and between 2004 and 2007. 

In order to extract coherent sea level oscillation patterns, an EOF analysis has been applied 

to the low pass filtered time series of the four regional indices for the period 1985-2014 as 

well as the altimetry data for the period 1993-2014. The first, second, third and fourth EOF 

of the regional indices explains 77%, 13%, 6% and 3% of the variance, respectively (Fig. 

5.6). Based on the regression analysis, the first EOF (EOF1) accounts for 85% and 89% of 



Chapter 5 

79 

the variability in the Malacca Strait and the eastern basin indices respectively, which is 

larger compared to other regions (Table 5.2; Fig. 5.7). The temporal amplitude of the 

second EOF (EOF2) is only significantly correlated with the northern SCS (-0.68) index, 

with regression accounting for 46% of index variability respectively (Fig. 5.8a). No 

significant correlation is found between the temporal amplitude of the third EOF (EOF3) 

and the regional index. For the fourth EOF (EOF4), the temporal amplitude is only 

significantly correlated with the southwestern SCS index (-0.54). The regression of this 

EOF explains 30% of the index variance (Fig. 5.8b). 

For the EOF analysis on altimetry data, the first, second, third and fourth EOFs explains 

55%, 8%, 7% and 5% of the variance, respectively, over the domain shown in Fig. 5.9 and 

Fig. C1. Based on the regression analysis, EOF1 largely (between 70% and 98%) 

dominates the variance in the eastern basin (Fig. 5.9a). The temporal amplitude of EOF1 

altimetry is not significantly correlated with the ISL variability in the Gulf of Thailand, the 

northern Philippines Sea and large parts of the central deep basin in the SCS. For the 

EOF2, it accounts about 50% and 25% of the variability in the northern Philippines Sea 

and small part of the southwestern SCS respectively (Fig. 5.9b). The temporal amplitude of 

the EOF2 is significantly correlated (0.5) with the sea level record at Ishigaki in the 

northern Philippines, the EOF3 primarily explains the variability in the southwestern SCS 

and the Gulf of Thailand (20%-45%) (Fig. C1a) whereas the EOF4 dominates the 

variability in the central SCS basin and a small part of the northern Philippines Sea (25%-

53%) (Fig. C1b). 

5.3.2 Contributor of Inter-annual Sea Level Variability 

The second objective was to estimate the relative contribution of atmospheric pressure, the 

steric component and wind stress to the ISL variability.  
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5.3.2.1 IB effect 

Atmospheric pressure is known to affect the changes of seasonal sea level cycle in the SCS 

(Amiruddin et al., 2015; Section 6.3.1) but its contribution at inter-annual time-scales is 

unclear. The contribution of atmospheric pressure to the ISL variability was assessed 

separately from the wind stress and steric components by using the IB approximation. The 

contribution of the IB effect is measured by estimating the differences of variance of the 

low pass-filtered observed and the low pass-filtered IB-corrected tide gauge records for the 

period 1950-2014. Corrected for the IB effect, most stations indicate a decrease of variance 

except at six stations, which are primarily located in Thailand (Fig. 5.10a). The variance of 

ISL accounted for by the IB effect in the SCS is larger for the stations in the eastern basin, 

mostly more than 3 cm2 (apart from Jolo-Site 42 and Bintulu-Site 50) and maximum up to 

6.6 cm2 at San Jose (Site 36). Meanwhile, the variance explained by the IB effect at most 

stations in the southwestern SCS, the Gulf of Thailand and the northern SCS is less than 

1.5 cm2. Note that higher percentage between 4% and 10% of ISL variability explained by 

the IB effect is observed in the southwestern SCS compared to other regions (Fig. 5.10b). 

This is due to the small variance of observed ISL variability in the southwestern SCS 

(Section 5.3.1).  

5.3.2.2 Steric and Wind 

The contribution of the steric component and wind stress (zonal and meridional) 

components to the ISL variability at each tide gauge site was explored using a stepwise 

regression model for the period 1950-2014. The regression model of the steric component 

and wind stress (RMSW) is significant at 37 stations. The model is not significant mainly 

at all sites located along the coast of Vietnam (Table 5.3). On average, the RMSW 

components accounted for 50% of the ISL variability. The variance explained by the 

RMSW in the Malacca Strait and the eastern basin are mostly more than half of the ISL 

variability indicating a good performance of the model in these regions (Fig. 5.11). The 
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unique variance contribution of the steric component is larger in the Philippines Sea with a 

range between 18% and 65%. The wind stress component primarily dominates the ISL 

variability in the southeastern SCS with the unique contribution ranging between 29% and 

37%. 

In the Malacca Strait, the RMSW explains between 61% and 76% of the ISL variability 

except at Ko Taphao Noi (16%). Interestingly, in the northern sites at P. Langkawi and P. 

Pinang, the unique contribution of the steric component is higher (28%- 30%) whereas the 

wind stress components, dominated by zonal wind stress, is larger (15%- 24%) for the 

southern sites. Based on the wind stress pattern in Fig 5.12a, the increase of sea level can 

be attributed to the eastward zonal wind stress in the northern part of the Malacca Strait 

inducing the intrusion of water from the Indian Ocean into this basin.  

In the southwestern SCS, the unique contribution of wind stress (18%-32%) is larger than 

the steric component (11%-18%) at most sites except at T. Pagar. Examining the 

composite plot indicates that the period of large increases of sea level in this region 

coincided with the southward meridional wind stress in the southern SCS (Fig 5.12d).  

In the northern SCS, the unique contribution of wind stress is also larger (11%-22%) at 

most sites compared to the steric component (2%-13%) except at Hong Kong. Based on 

the wind patterns shown in Fig 5.13a, the high increase of sea level can be linked to the 

role of local wind stress and associated with the positive wind stress curl. The 

westward/southwestward wind stress may play a considerable role in driving Ekman 

transport, moving the water toward the coast of the northern SCS.  

In the Philippines Sea and the Celebes Sea, the steric component is the dominant 

contributor of ISL variability with its unique variance contributions between 16% and 

65%. In the southeastern SCS and the Sulu Sea, the unique contribution of wind (24-37%) 

is higher than the steric component at most sites. Note that the wind stress grid points for 
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the tide gauges in the southeastern SCS are taken from the average wind stress in the 

northern SCS (computed from the magenta rectangle box in Fig. 5.13d), resulting in an 

increase of variance explained by the model of up to 19% compared to the local wind 

stress. Based on the composite plot, the increase of sea level in the southeastern SCS might 

be linked to the substantial role of the wind stress in the northern SCS (Fig. 5.13d). The 

wind stress in the northern SCS driven the southward SCS western boundary currents and 

the positive wind stress curl that can be associated with the cyclonic gyre circulation (Fig. 

5.13d and Fig. 5.13g), pushing the water towards the coast of the southeastern SCS. 

To assess the signal of ISL variability unexplained by the model, cross correlation analysis 

has been carried out between pairs of the residual from the RMSW. The results show that 

the correlations are significant (0.5-0.8), between most sites within the region of Malacca 

Strait, the southwestern SCS and southeastern SCS (Fig. C2) indicating a common forcing 

signal to the ISL variability. However, no significant correlation is found at the majority of 

particular sites with other region.  

5.3.3 The Connection between Inter-annual Sea Level Variability and 

Regional Climate Indices 

The third objective was to determine the ability of regional climate indices to describe the 

ISL variability. Three climate indices (MEI, WNPMI and DMI) were correlated with the 

available period of ISL variability at all tide gauge sites. For the comparison of correlations 

over the similar period, these climate indices were also correlated with the regional sea 

level indices for the period 1985-2014. The results show that the MEI is significantly anti-

correlated with ISL variability at 32 sites across the SCS basin (Table 5.1) and all sea level 

indices, except the northern SCS index. For sea level indices, the highest significant 

correlation is observed between the MEI and the eastern basin sea level index (-0.8). For 

the WNPMI, this climate index is significantly correlated with ISL variability at 19 sites 

primarily located in the Malacca Strait and the eastern basin. The correlation is generally 
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insignificant at lead/lag zero at most sites. The significant correlations of WNPMI and the 

sea level indices are only found with the Malacca Strait (0.47) and the eastern basin (0.52) 

indices with WNPMI leading by five and four months respectively. For the DMI, this 

climate index is only significantly anti-correlated with ISL variability at the sites and sea 

level index (-0.57) in the Malacca Strait (except Ko Taphao Noi). No significant 

correlation is found with any climate index at the sites located along the coast of Vietnam 

(except Danang), the Gulf of Tonkin and the northern Philippines Sea. 

Stepwise multiple linear regression was used to measure the connection between the 

climate indices and the ISL variability at the tide gauge sites. The observed ISL variability 

was chosen as dependent variables whereas only significantly correlated climate indices at 

each specific sites were used as independent parameter. The results indicate that the 

regression models of the climate index (RMC) are significant at 32 sites with the variance 

of the ISL mainly explained by the MEI (Table 5.4). In the Malacca Strait, the variance 

explained by the RMC are between 50% and 60% associated with the MEI and the DMI. 

The unique variance contribution explained by the MEI ranges from 21% to 33%. For the 

DMI it is between 10% and 14%. In the eastern basin, the variance of ISL accounted for by 

the climate indices varies from 25% at Legaspi (Site 37) to 86% at San Jose (Site 36) and 

is associated with the MEI and the WNPMI. However, the unique variance contribution of 

WNPMI is relatively small (< 4%) compared to the MEI. This indicates that the ISL 

variability in this region is highly associated with MEI. The smaller variance of ISL 

explained by the RMC is found in the northern SCS of between 10% and 22% and is 

dominated only by ENSO.  

To assess the connection of steric component and wind stress with climate indices in 

inducing the ISL variability, the stepwise multiple regression model was used. The 

physical parameters of the steric component, zonal and meridional wind stress, and climate 

indices of MEI, WNPMI and DMI, were selected as independent parameters whereas IB-
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corrected tide gauge was chosen as dependent variable (Table 5.5). The percentages of 

variance explained by this total regression model (TRM) were compared with the variance 

explained by the RMSW (Section 5.3.2.2) at each site (Last column; Table 5.5). Most 

stations (25 sites) indicate only a small increase (< 16%) of variance explained by the 

TRM as compared to the RMSW, except at Tawau (25%; Site 44). Another five stations, 

mainly located in the northern SCS, show similar percentages of explained variance 

between these two models. These small differences show that the inclusion of the climate 

indices in the RMSW have little or no effect on the increased variance explained by the 

model. Thus, these results indicate that most of the ISL variability is explained by the 

physical parameter of RMSW is largely similar with variance explained by the climate 

indices. Therefore, the connection of climate indices of MEI, WNPMI and DMI with ISL 

variability in the SCS can be primarily linked to the changes in the steric component, zonal 

and meridional wind stress. No significant correlation is found between the residual of the 

RMSW with any climate index. 

5.4 Discussions 

The steric and wind stress components explain more than one third of the ISL variability at 

most areas along the coast of the SCS. This study found that the ISL variability in the 

Philippines Sea and the Celebes Sea is dominated by the steric component. The steric 

changes in the tropical Pacific Ocean are associated with the vertical movement of the 

thermocline which is forced by wind stress (Palanisamy et al., 2015). In the northern and 

southeastern SCS, the ISL variability in these regions is mainly related to wind stress in the 

northern SCS. The westward/southwestward wind stress in the northern SCS mainly 

resembles the northeast monsoonal wind, modulating the strength of the SCS western 

boundary current and the positive wind stress curl in the central deep basin (Fang et al., 

2012; Quan et al., 2016). These mechanisms also contribute to the formation of cyclonic 
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gyre circulation (Wang et al., 2006) and this leads to divergence, causing sea levels to fall 

in the gyre and rise along the coast.  

It is well established that a large fraction of the ISL variability in the SCS is mainly 

associated with ENSO (Wu and Chang, 2005; Rong et al. 2007; Peng et al., 2013). This 

study further demonstrates the spatial variation of the connection of ENSO, the monsoon 

and the IOD (represented by the MEI, WNPMI and DMI respectively) with ISL variability 

in the coastal zone of the SCS.  The ISL variability in most areas in the SCS is linked to 

the MEI except for the coastal areas of Vietnam and the northern Philippines Sea. The 

impact of ENSO is smaller in the northern SCS compared to the southern basin. For the 

IOD, the significant connection of its climate index is only found with the ISL variability 

in the Malacca Strait. This result is inconsistent with Soumya et al. (2015), who found the 

significant correlation of the DMI not only with the Malacca Strait, but also for a large part 

of the southern SCS. This might be due to the different approach in smoothing the time 

series and the study from Soumya et al., (2015) did not consider the reduced number 

degrees of freedom due to the smoothing approach.  

While the monsoon is known to drive the seasonal sea level cycle in the SCS (Liu et al., 

2001; Amiruddin et al., 2015; Chapter 6), their link to the sea level variability at inter-

annual scale is unknown. This study found a significant link between the WNPMI and the 

ISL variability mainly in the Malacca Strait and the eastern basin with this climate index 

generally leading by five and four months, respectively. The common signal between 

WNPMI and ISL variability over different periods (four to five month) can be due to the 

peak fluctuation in WNPMI that mainly reflects changes of zonal wind during the summer 

monsoon (June to August) (Wang and Fan, 1999; Wang et al., 2001). In contrast, the peak 

fluctuation of ISL mostly occurred over the winter monsoon (November to February).  
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The quantitative assessment using regression models in this study were restricted to 

discrete locations of the potential contributors (e.g. the steric and wind stress) and the tide 

gauge sites. Nevertheless, from a statistical viewpoint, the results provide valuable 

information of the relative contributions of forcing mechanisms to the ISL variability in the 

SCS. As suggested by the Intergovernmental Panel on Climate Change (IPCC) Fifth 

Assessment Report (Church et al., 2013), the regional sea level changes in most parts of 

the world are likely to be affected by natural climate variability such as ENSO over the 

next few decades. Thus, the information from regression models will contribute some 

predictive utility to the dynamical model in order to provide better prediction of potential 

changes of regional MSL in the future. 

5.5 Summary and Conclusions 

ISL variability in the SCS has been examined using tide gauge records and altimetry 

observations. In addition, steric, wind stress and atmospheric pressure datasets were used 

to measure their relative contributions to the ISL variability. Based on the altimetry data 

for the period 1993-2014, the variance of ISL shows high spatial variability with smaller 

values mostly in the shelf areas of the SCS (< 3 cm2) and larger values in the Philippines 

Sea (30 to 70 cm2). The percentage of monthly sea level variance explained by the inter-

annual variability is larger in the Celebes Sea, between 55% and 70%. The minimum 

percentage of explained variance is observed along the continental shelf of the northern 

SCS, the southwestern SCS and the Gulf of Thailand, with less than 5% of the sea level 

variability. On the basis of a correlation analysis, the spatial variability of ISL indicates 

regional coherence in the Malacca Strait, the southwestern SCS, the northern SCS and the 

eastern basin. For the period 1985-2014, the first EOF extracted from the regional sea level 

indices from these four regions account for 77% of sea level variability. This EOF mode 

mainly dominates the ISL variability in the eastern basin and the Malacca Strait.  
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The contributions of the IB effect at the tide gauges in the SCS are relatively small, 

accounting for up to 10% of ISL variability. Based on the regression model, the variation 

of the steric component and wind stress explain 50% of the ISL variability along the coast 

of the SCS, on average. This model performs relatively well in the Malacca Strait and the 

eastern basin, explained more than half of the ISL variability in these regions. The steric 

component largely dominates the ISL variability in the Philippines Sea and the Celebes 

Sea with a maximum unique contribution of variance of 65%. In the northern and the 

southern SCS, wind forcing primarily drives the ISL variability with its unique 

contribution of variance up to 37%. The common signal unexplained by the model is 

identified from the residual of the model and mainly associated with the local forcing 

factor. This unexplained variance of ISL can be mainly attributed to the changes in mass 

component that is not considered in this study. Future studies should explore the relative 

contribution of ocean mass component to the MSL variability that can be estimated from 

the measurement of the Gravity Recovery and Climate Experiment satellites (GRACE) 

mission (e.g. Riva et al., 2010; Llovel et al., 2010). The GRACE mission measures 

changes in the Earth’s gravity field due to the movement of water mass within the Earth 

system (Tapley et al., 2004). Alternatively, the contribution of ocean mass component can 

also be measured using ocean model such as ECCO model (e.g. Feng et al., 2012; Forget 

and Ponte, 2015). 

A large part of the ISL variability in the SCS is associated with ENSO. The ISL variability 

is found to be connected with the monsoon, primarily in the Malacca Strait and the eastern 

basin, with the ISL lagged generally by five and four months respectively. The DMI only 

appeared to influence ISL variability in the Malacca Strait. The regional climate indices 

explain more than half of ISL variability in the Malacca Strait and are mainly associated 

with the MEI and the DMI. In the southeastern SCS, more than half of ISL variability is 

accounted for by the MEI and the WNPMI. The connection of these climate indices to the 
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ISL variability can be mainly attributed to the changes in the steric and wind stress 

components. 

In the northern Philippines, the coast of Vietnam, the Gulf of Tonkin and the Gulf of 

Thailand, this study found that the ISL variability in these regions mostly shows distinct 

characteristics and is related to ENSO, the IOD or the monsoon. In the northern Philippines 

Sea, the ISL variability might be dominated by the circulation regimes over the western 

Pacific Ocean. For the other regions, local factors such as currents and circulation might 

dominate the ISL variability. These issues should be considered in future studies.  

Understanding the characteristics and mechanism of regional sea level variability is 

important to produce improved regional sea level projections. Any foreseen changes of the 

contribution of these forcing of wind stress and the steric variation, and their association 

with the climate variability can be modelled under various different future scenarios.  
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Table 5.1. Variance of the inter-annual sea level, percentage of the observed monthly sea level variability explained by the inter-annual sea level and the correlation 

coefficients between tide gauge records and the climate indicesa
 

No Station Name Area 
Variance 

(cm2) 
E. Var. 

(%) 
 

Correlation 

MEI WNPMI DMI 

1 Ko Taphao Noi Malacca Strait 72.1 38   0.40 (4)  

2 Pulau Langkawi  22.1 21  -0.60 0.42 (5) -0.54 

3 Pulau Pinang  20.2 21  -0.67 0.48 (5) -0.55 

4 Lumut  16.5 19  -0.68 0.44 (5) -0.53 

5 Pelabuhan Kelang  22.3 26  -0.70 0.49 (5) -0.56 

6 Tanjung Keling  14.8 28  -0.71 0.47 (5) -0.53 

7 Kukup  11.5 26  -0.68 0.45 (6) -0.49 

8 Tanjong Pagar Southwestern 

SCS 
9.0 9  -0.62   

9 Tanjung Sedili 4.8 3  -0.58 
 

 

10 Pulau Tioman  5.0 3  -0.60   

11 Tanjung Gelang  4.9 2  -0.62   

12 Cendering  4.2 2  -0.62   

13 Geting  6.0 2  -0.51   

15 Ko Lak Gulf of Thailand 5.1 2  -0.33   

17 Ko Sichang 9.5 5     

18 Vungtau Western SCS 17.4 7     

19 Quinhon  18.5 12     

20 Danang  10.1 4  -0.58 0.45 (1)  

21 Honngu Gulf of Tonkin 60.3 27     

22 Hondau  13.4 14     

24 Beihai  5.2 8     

25 Haikou Northern SCS 5.3 8  
 

  

26 Zhapo  11.5 9  -0.35 0.28  

27 Macau  33.7 26     
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28 Hong Kong  24.3 19  -0.32   

29 Shanwei  4.6 5     

30 Xiamen  16.6 11  -0.37   

31 Kaohsiung  Northern 

Philippines Sea 
14.6 15     

32 Keelung  11.7 8     

33 Ishigaki   10.4 6     

34 Port Irene Philippines Sea 19.1 8  -0.66 

 

 

36 San Jose  26.8 43  -0.93 0.66 (6)  

37 Legaspi  25.4 46  -0.48 0.38 (4)  

38 Tacloban  31.5 44  -0.61   

39 Cebu  25.8 37  -0.73 0.46 (4)  

40 Surigao  24.7 31  -0.78 0.63 (5)  

41 Davao  26.2 42  -0.66 0.35 (5)  

42 Jolo, Sulu Celebes Sea 16.3 47  -0.63   

44 Tawau  23.6 76  -0.79 0.44 (7)  

45 Lahat Datu  25.1 70  -0.77   

46 Sandakan Sulu Sea 18.1 39  -0.73 0.53 (3)  

47 Kudat Southeastern 18.2 26  -0.81 0.59 (4)  

48 Kota Kinabalu SCS 13.3 21  -0.79 0.54 (4)  

49 Labuan  15.9 25  -0.79 0.58 (4)  

50 Bintulu  9.5 19  -0.59   

52 Nan Sha Central SCS 16.0 17   
 

 

53 Xi Sha  12.0 18     
aVariance and correlations of inter-annual variability (only significant correlations are shown here) were computed 

using deseasonalized, detrended and 13-month central running mean time series. E. Var.: The percentages of 

observed monthly sea level variances accounted for by the interannual variability, MEI: Multivariate ENSO Index; 
WNPMI: Western North Pacific Monsoon Index and DMI: Dipole Mode Index 
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Table 5.2. The percentages of the variance of the sea level index explained by the first and second EOF indices and correlations between the regional sea level indices and 

the climate indicesa. 

 Explained Variance (%)  Correlation 

Sea Level Index 
EOF1 Regional 

Indices 

EOF2 Regional 

Indices 

 

MEI WNPMI  DMI 

Malacca Strait 

Index 
85 - 

 
-0.68  0.47 (5) -0.56 

Southwestern 

SCS Index 
65 - 

 
-0.64 - - 

Northern SCS 

Index 
45 46 

 
- - - 

Eastern Basin 

Index 
89 - 

 
-0.80 0.52 (4) - 

aExplained variance and correlation were computed for the period 1985-2014 using deseasonalized, detrended and 

13-month central running mean time series. Only significant correlations (significant to the 95%) are shown here. 

Positive (negative) values in bracket indicate the number of month the sea level index lags (leads). MEI: 

Multivariate ENSO Index; WNPMI: Western North Pacific Monsoon Index and DMI: Dipole Mode Index 
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Table 5.3. Regression coefficient and variance explained by the regression model steric component and winda
 

No Station Name 

Total 
 Unique Variance 

Contribution (%) 

Coefficient E. Var.  

(%) 

 Steric Wind stress 

(US + VS) K St US VS  

1 Ko Taphao Noi -0.1 0.3  0.2 16  12 4 

2 Pulau Langkawi 0.0 0.6 0.5  61  28 10 

3 Pulau Pinang 0.0 0.6 0.6  67  30 14 

4 Lumut 0.0 0.4 0.8 -0.2 68  10 24 

5 Pelabuhan Kelang 0.0 0.4 0.6 -0.1 76  11 22 

6 Tanjung Keling 0.0 0.4 0.6 -0.1 70  11 21 

7 Kukup 0.0 0.5 0.5 -0.1 64  15 15 

8 Tanjong Pagar -0.1 0.3 0.4  27  9 7 

9 Tanjung Sedili 0.0 0.4 0.2 -0.5 39  11 21 

10 Pulau Tioman 0.0 0.5 0.3 -0.5 48  16 19 

11 Tanjung Gelang 0.1 0.4 0.3 -0.8 53  12 32 

12 Cendering 0.2 0.4 0.4 -0.9 49  18 31 

13 Geting 0.1 0.4 0.4 -0.6 36  9 18 

17 Ko Sichang 0.0 0.2 0.4 -0.1 21  6 12 

24 Beihai 0.1 -0.4  0.5 34  22 12 

26 Zhapo 0.0 0.1 -0.3 -0.2 31  2 22 

27 Macau 0.0 0.4 0.3 -0.3 37  6 17 

28 Hong Kong 0.0 0.4 -0.2 -0.2 33  13 11 

30 Xiamen 0.1 0.2 -0.2 -0.3 27  2 16 

31 Kaohsiung II -0.3 -0.5   32  32  

32 Keelung II 0.0 0.2 0.2 0.2 25  2 12 

33 Ishigaki II 0.0 0.7 -0.1 -0.1 54  51 3 
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34 Port Irene 0.2 0.5 -0.3 0.3 52  18 6 

36 San Jose 0.4 0.8  -0.1 86  30 2 

37 Legaspi 0.0 0.7 -0.1 0.1 51  50 1 

38 Tacloban 0.0 0.9 -0.2 0.1 68  29 3 

39 Cebu 0.0 0.8 0.1 -0.1 65  53 2 

40 Surigao 0.3 0.7 0.2  67  65 2 

41 Davao 0.1 0.7 0.2 0.1 62  45 6 

42 Jolo, Sulu 0.2 0.5 0.4 -0.2 46  17 17 

44 Tawau 0.0 0.5  0.2 42  40 2 

45 Lahat Datu -0.1 0.5  0.4 49  16 10 

46 Sandakan -0.2 0.2 0.6 0.5 51  2 24 

47 Kudat -0.1 0.2 -0.4 -0.5 73  2 29 

48 Kota Kinabalu 0.1 0.2 -0.1 -0.7 66  3 31 

49 Labuan  -0.1 0.2 -0.3 -0.6 63  2 37 

52 Nan Sha 0.0 0.5 -0.1  32  30 2 
 aOnly coefficients of predictors included in the significant regression models are shown here. No. 

represent station number of tide gauge and their location in map in Fig. 5.1. Independent 

parameter - K: constant, ST: steric; US: zonal wind stress and VS: zonal wind stress.  
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Table 5.4. Regression coefficient and variance explained by the regression model of the climate indicesa
 

No Station Name 
Ex. Var.  

(%) 

Coefficient  Unique Variance Contribution (%) 

K MEI WNPMI DMI  MEI WNPMI DMI 

2 Pulau Langkawi 50 0.1 -0.5  -0.4  21  14 

3 Pulau Pinang 58 0.0 -0.5  -0.4  28  13 

4 Lumut 58 0.0 -0.6  -0.4  31  12 

5 Pelabuhan Kelang 60 0.0 -0.6  -0.4  29  12 

6 Tanjung Keling 60 0.0 -0.6  -0.3  33  10 

7 Kukup 55 0.0 -0.6  -0.3  33  11 

8 Tanjong Pagar 39 0.0 -0.6    39   

9 Tanjung Sedili 34 0.0 -0.6    34   

10 Pulau Tioman 36 0.0 -0.6    36   

11 Tanjung Gelang 39 0.0 -0.6    39   

12 Cendering 39 0.0 -0.6    39   

13 Geting 26 0.0 -0.5    26   

20 Danang 39 0.2 -0.5 0.2   20 5  

25 Haikou 22 0.3 -0.5    22   

26 Zhapo 16 0.0 -0.3 0.2   8 3  

28 Hong Kong 10 0.0 -0.3    10   

30 Xiamen 14 0.0 -0.4    14   

34 Port Irene 43 0.2 -0.6    43   

36 San Jose 86 0.2 -0.9    86   

37 Legaspi 25 0.0 -0.4 0.2   11 3  

38 Tacloban 38 -0.1 -0.6    38   

39 Cebu 57 0.0 -0.6 0.2   34 3  

40 Surigao 63 0.3 -0.6 0.1   61 2  

41 Davao 47 0.1 -0.6 0.2   28 4  
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42 Jolo, Sulu 40 0.1 -0.6    40   

44 Tawau 63 0.0 -0.8 -0.1   62 1  

45 Lahat Datu 59 -0.2 -0.8    59   

46 Sandakan 57 -0.1 -0.6 0.2   27 4  

47 Kudat 69 -0.2 -0.7 0.2   32 2  

48 Kota Kinabalu 64 0.0 -0.7 0.1   38 2  

49 Labuan 2 64 -0.2 -0.7 0.2   33 2  

50 Bintulu 35 0.0 -0.6    35   
aOnly coefficients of significant independent parameter included in the models are shown here. Independent parameter - K: 

constant, MEI: Multivariate ENSO Index; WNPMI: Western North Pacific Monsoon Index and DMI: Dipole Mode Index.   
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Table 5.5. Regression coefficient, variance explained by the total regression model and their differences with the regression model steric component and winda
 

No Station Name 
E. Var.  

(%) 

Coefficient  Diff. Ex. Var (%) 

K St US VS MEI WNPMI DMI  

2 Pulau Langkawi 69 0.1 0.4 0.4 NaN -0.2  -0.2  8 

3 Pulau Pinang 78 0.0 0.5 0.4 NaN -0.3  -0.2  11 

4 Lumut 78 0.0 0.3 0.5 -0.1 -0.3  -0.1  10 

5 Pelabuhan Kelang 81 0.0 0.4 0.4 -0.1 -0.2  -0.1  5 

6 Tanjung Keling 76 0.0 0.4 0.3 -0.1 -0.3  -0.1  6 

7 Kukup 73 0.0 0.4 0.2 -0.2 -0.3  -0.1  9 

8 Tanjong Pagar 37 0.0 0.3 NaN NaN -0.5    10 

9 Tanjung Sedili 48 0.1 0.4 -0.2 -0.5 -0.4    9 

10 Pulau Tioman 55 0.0 0.5 NaN -0.4 -0.3    7 

11 Tanjung Gelang 54 0.1 0.3 0.2 -0.7 -0.2    1 

12 Cendering 51 0.2 0.4 0.2 -0.8 -0.2    2 

13 Geting 45 0.1 0.3 0.1 -0.6 -0.3    9 

17 Ko Sichang 25 0.0 0.2 0.4 -0.2 0.2    4 

26 Zhapo 31 0.0 0.2 -0.3 -0.2  -0.1   0 

27 Macau 37 0.0 0.4 0.3 -0.3     0 

28 Hong Kong 33 0.0 0.4 -0.2 -0.2  -0.1   0 

30 Xiamen 27 0.1 0.2 -0.2 -0.3     0 

34 Port Irene 55 0.2 0.4 -0.2 0.4 -0.3    3 

36 San Jose 92 0.3 0.4  -0.1 -0.5 -0.1   6 

37 Legaspi 51 0.0 0.7 -0.1 0.1  0.1   0 

38 Tacloban 74 0.0 0.6 -0.2 0.2 -0.3    6 

39 Cebu 75 0.0 0.5 0.1 0.1 -0.4    10 

40 Surigao 72 0.2 0.6  0.2 -0.2 0.2   5 

41 Davao 67 0.1 0.6 0.1 0.1 -0.2 0.1   5 

42 Jolo, Sulu 54 0.2 0.3 0.4  -0.4    8 
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44 Tawau 67 0.1 0.2 -0.7 0.3 -0.8    25 

45 Lahat Datu 65 -0.2 0.3 -0.3 0.3 -0.7    16 

46 Sandakan 62 -0.2  0.3 0.4 -0.5    11 

47 Kudat 77 -0.1  -0.4 -0.3 -0.3 0.1   4 

48 Kota Kinabalu 70 0.0 0.1  -0.5 -0.3 0.1   4 

49 Labuan 2 69 -0.2 0.1 -0.3 -0.3 -0.3 0.1   6 
aOnly coefficients of significant independent parameter included in the models are shown here. Independent parameter - K: 

constant, ST: steric; US: zonal wind stress; VS: zonal wind stress; MEI: Multivariate ENSO Index; WNPMI: Western North 

Pacific Monsoon Index and DMI: Dipole Mode Index. The last column shows differences of variance explained between the 

total regression model and the regression model steric and wind stress (seventh column in Table 5.3).  
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Figure 5.1. Map of the study area showing the location of the monthly tide gauges with records longer than 15 years. Sites are numbered as in list on the 

right. The red colour indicates the low elevation coastal zone (i.e. the land that lies between 0-10 m above mean sea level) and the green line shows the 200 

m depth contour. Black ellipse represents several regions used in this chapter including the Malacca Strait, the southwestern SCS, the Gulf of Tonkin, the 
northern SCS, the northern Philippines Sea, the Philippines Sea and the southeastern SCS. 
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Figure 5.2. Selected tide gauges used to compute regional indices for the Malacca Strait (a) and the southwestern SCS (b). Regional indices (blue) are shown at the 

bottom of each figure. The chosen tide gauge for each index (black) are numbered corresponding to location in Fig. 5.1. All time series are shown in 13-month central 

running mean format. 
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Fig. 5.2 (continued). As in Fig. 3.6a and 3.6b but for the northern SCS (c) and the eastern basin (d).  
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Figure 5.3. The variance of inter-annual sea level (a) and percentages of monthly sea level accounted for by the inter-annual variability (b) from the altimetry data 

(1993-2014). Light grey areas on the left (a) indicate locations where the variance is less than 3 cm2 whereas the light grey areas on the right (b) show locations of the 

percentages of explained variance less than 5%. 
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Figure 5.4. Correlation coefficients matrix for the low pass filtered IB-corrected tide gauges for the period 1950-2014 (a). Correlation with the 
regional sea level index of the Malacca Strait (MS), the southwestern SCS (SW), the northern SCS (NS), and the eastern basin (EB) are also shown. 

White circles indicate the correlation is not statistically significant at 95% level. Diamond labels represent the selected tide gauges used to create the 

regional sea level index. 
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Figure 5.4 (continued). Correlation coefficients matrix altimetry grid point nearest to the tide gauge stations for the period 1993-2014 (b). Correlation with regional sea 

level index of the Malacca Strait (MS), the southwestern SCS (SW), the northern SCS (NS), and the eastern basin (EB) are also shown. White circles indicate the 

correlation is not statistically significant at 95% level.  
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Figure 5.5. Regional mean sea level indices (red) representing the four sub regions: the Malacca Strait, the south-western SCS, the northern SCS and, the 
eastern basin. 13 month running mean (blue) and the standard deviation of total sea level (grey) indices are also shown. All the time series have been offset for 

comparison. 
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Figure 5.6. Spatial patterns of the first four EOFs for the sea level index of the Malacca Strait, the southwestern SCS, the northern SCS and the 
eastern basin 
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Figure 5.7. Comparison between temporal amplitudes of the first EOF (EOF1) regional indices with the sea level index in the Malacca Strait (MS), the 

southwestern SCS (SWSCS), the northern SCS (NSCS) and the eastern basin (EB)   
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Figure 5.8. Comparison between temporal amplitudes of the second EOF (EOF2) (a) and the fourth EOF (EOF4) (b) with regional sea level 

indices. Only significantly correlated regional indices with corresponding EOF are shown. 
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Figure 5.9. The percentages of inter-annual sea level variability accounted for by the first (a) and second (b) EOF for the period 1993-2014 and their 

corresponding temporal amplitude (bottom figures). Dark grey asterisks in map indicate locations where the correlation between temporal amplitude of 

EOFs and the altimetry is statistically insignificant (95% confidence level). The magenta circle (b) represent the location of Ishigaki sites (as discussed 

in Section 5.3.1). 
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Figure 5.10. The variance of interannual sea level accounted for by the IB effect (a) and percentages of the interannual sea level variability explained by the IB 

effect (b) over the available period 1950-2014. 
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Figure 5.11. Comparison between the low pass-filtered IB-corrected tide gauge (blue) and the regression model steric and wind stress (red) in the Malacca 

Strait (a) and the eastern basin (b). 
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Figure 5.12. Composite plot for mean wind stress and wind stress curl pattern during period of (a) large increase (>one STD) and (b) large decrease (< one 

standard deviation) of (c) the Malacca Strait regional sea level index (representative of the areas shown in the box). The bottom figures are the same as the top but 

for the southwestern SCS index 
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Figure 5.13. Composite plot for mean wind stress and wind stress curl pattern during period of (a) large increase (>one STD) and (b) large decrease (< one 

standard deviation) of (c) the northern SCS regional sea level index (representative of the areas shown in the box). The bottom figures are the same as the top 

but for the eastern basin index. The magenta rectangle box (d) represents the average area of the wind stress used in the regression model at the sites in the 
southeastern SCS (as discussed in Section 5.3.2.2). 
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Figure 5.13 (continued). Composite plot for surface horizontal current speed (m/s) and direction patterns during period of (g) large increase (>one standard deviation) 

and (h) large decrease (< one standard deviation) of (f) the eastern basin index (representative of the areas shown in the box) for the period 1985-2009. 
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 The Seasonal Sea Level Cycle 

This chapter has been adapted from the following publication in the Journal of 

Geophysical Research: 

Amiruddin, A. M., I. D. Haigh, M. N. Tsimplis, F. M. Calafat, and S. Dangendorf (2015), 

The seasonal cycle and variability of sea level in the South China Sea, Journal of 

Geophysical Research: Oceans, 120(8), 5490-5513, doi:10.1002/2015jc010923. 

6.1 Introduction 

The seasonal cycle is one of the ubiquitous elements of low frequency signals in sea level 

(Pattullo et al., 1955). Understanding its spatial and temporal variability is important 

because changes in its amplitude and phase may affect the frequency and magnitude of 

ESL and hence coastal flooding (e.g. Menéndez et al., 2009; Dangendorf et al., 2012; Wahl 

et al., 2014).  

The previous studies that have assessed the seasonal sea level cycle in the SCS and other 

regions have been discussed in Section 2.4 and 2.5.4 respectively. The variation in the 

seasonal sea level cycle (SSLC) has been shown to be generally due to the monsoon (Ho et 

al., 2000; Liu et al., 2001). However, how large the observed monthly MSL variability 

explained by the seasonal signal is over the whole basin is unclear. Prior to 2015, no study 

had yet investigated temporal variation in the SSLC. Furthermore, little is known about the 

relative contribution of wind and the steric component to the SSLC along the coast.  

The overall aim of this chapter is to quantify the spatial and temporal variability of the 

SSLC, which is considered as the sum of an annual and a semi-annual component. There 

are five specific objectives corresponding to each results section in this chapter. The first 

and second objectives are to estimate the SSLC from tide gauges and altimetry respectively 
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and identify their spatial characteristics. The third objective is to determine the relative 

contribution of atmospheric pressure, wind and the steric component to the SSLC. The 

fourth objective is to explore the temporal variability of the SSLC. The final objective is to 

assess the seasonal variation of the coastal mean sea level, which considered the 

combination of the annual and semi-annual components.  

6.2 Methods 

Monthly MSL data from 53 tide gauges with records longer than 5 years (Fig. 6.1), and 

altimetry data, were used to examine the SSLC in the SCS. In addition, steric, atmospheric 

pressure, wind and surface air temperature data were used to explore the potential 

mechanism of SSLC. 

The long-shore and cross-shore winds were estimated from the u and v wind components 

to better assess the forcing of wind on the SSLC in the study area. The long-shore and 

cross-shore winds were computed as follows: 

p̂ = √u2 + v2cosƟ Eq. 6.1 

q̂ = √u2 + v2sinƟ. Eq. 6.2 

Where: p̂ and q̂ refer to the long-shore and cross-shore winds, respectively; and Ɵ is the 

angle between the wind direction and the coastline. The longshore wind is positive if it 

blows over the shelf with the coast on its right, whereas the cross-shore wind is positive if 

it blows from the ocean towards the coast.  

The contribution of local wind to the coastal mean SSLC was quantified using a simple 

barotropic model formulated by Sandstrom (1980). This model estimates the setup of sea 

level (ηW) from the maximum expected along-shore currents induced by 3% of the local 

long-shore wind (p̂) on the shelf by: 
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ηW = 0.03 p̂fLg−1, Eq. 6.3 

Where f is the Coriolis parameter for the corresponding latitude of each station and L is the 

shelf-width (which is the distance from the coast to the 200 m isobath).  

To estimate the seasonal cycle, the annual and semi-annual harmonics have been 

calculated for each variable by a common least squares fit of the following form: 

M̅ = Aa cos(
2π

365.25
(t - Pa)) + Asa cos(

2π

182.63
(t - Psa)),  Eq. 6.4 

Where Aa/ Pa and Asa/ Psa are the amplitude and phase of the annual and semi-annual 

cycle, respectively, and t is time in days. The mean of the time series, and a linear trend, 

are removed before fitting equation (5) to the records. Phases in this equation are expressed 

in days, with zero phase corresponding to 1st January. The uncertainties of the estimated 

amplitudes and phases are given as a standard error, which is then doubled to provide 95% 

confidence intervals (see also Plag and Tsimplis, 1999 for further discussions).  

The tide gauge records cover different periods and contain gaps. Therefore, interpretation 

of the obtained seasonal components must include the possibility of temporal changes in 

the seasonal signals. To assess the sensitivity of the estimated amplitudes and phases of the 

annual and semi-annual cycle, to different data periods and lengths, the harmonics were 

quantified for: (1) the whole record, at each site; (2) the period 1980-2012, which is 

common to most tide gauge records; and (3) the period 1950-2012. The estimated 

amplitudes and phases are not statistically different between the three periods (Fig. D1). 

The comparison of the harmonic analysis at Manila and Pom Phrachun for the whole 

record with the record prior 1960 also showed no significant differences and thus, both 

records are assumed to be reliable for this study (see the discussion of both tide gauges in 

Section 3.2.1). Accordingly, the analyses of seasonal harmonics were calculated for two 

representative periods; the period 1950-2012; and 1993-2012. The period 1950-2012 was 
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selected since all forcing variables are available for this period. The period 1993-2012 was 

chosen to compare the seasonal cycle from 43 tide gauge records (those containing at least 

75% of data for this period) with that from the nearest grid point of altimetry data (using 

only valid measurement of monthly tide gauge data). 

The temporal variability of the SSLC was assessed by fitting equation (6.4) to 5-year 

overlapping periods (shifted by one year each time) of the tide gauge records that 

contained at least 36 months of data. The period of five consecutive years was proposed by 

Tsimplis and Woodworth (1994) to gain robust values for the amplitude and phase of the 

seasonal cycle. To estimate the contribution of different forcing factors to the temporal 

variability of the SSLC, equation (6.4) was also fitted to the steric height, barotropic 

contribution estimates with the Sandstrom model, u and v wind components, p and q wind 

components, sea level pressure, surface air temperature and two climate indices (MEI and 

WNPMI). Then, a stepwise regression with forward selection was applied with the 

observed tide gauge records as the dependent variable and the forcing factors described 

above as predictors. The stepwise regression allows identification of a regression model 

containing only significant predictors that explained the largest fraction of sea level 

variability (see also Dangendorf et al., 2013b). The mean was subtracted from each 

parameter before fitting the regression model and the statistically insignificant values were 

also included to compute a continuous prediction model for the whole available record 

without gaps. Due to the 5-year overlapping periods of annual harmonic, the statistical 

significance (95% confidence level) of the regression model, calculated for each station, 

take into account the reduction in the degrees of freedom following the equation proposed 

by Pardo (2008): 

Rdf = [1 − (
Udf

Odf
)] Odf,  Eq. 6.5 
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Where Rdf is remaining degrees of freedom, Udf (5 year) is used degrees of freedom and 

Odf is original degrees of freedom. Statistical significance of the predictor is based on t test 

at the 95% confidence level. 

To estimate the maximum and minimum of the total SSLC, the seasonal variation of 

coastal mean sea level was estimated on the basis of a monthly climatology of the observed 

tide gauge record. The monthly climatology was computed from the mean value for each 

month over the whole period of 1950-2012, after removal of the mean and long-term trend. 

Then, the height and month in which such climatology reaches its maximum and minimum 

values were determined. The maximum range of sea level is calculated from the difference 

between the average maximum and minimum of climatology data. 

6.3 Results and Discussion 

6.3.1 The Seasonal Cycle from Tide Gauges 

The first objective was to estimate the SSLC from tide gauge records and identify their 

spatial characteristics. The amplitudes and phases of the annual and semi-annual coastal 

SSLC, at the 53 tide gauge sites in the study area, are listed in Table 6.1 for the maximum 

period covered by each tide gauge within the period 1950-2012. The annual amplitudes 

show large spatial variability with a maximum value of 23 cm at Ko Mattaphon (Site 14) in 

the Gulf of Thailand and an average value across the study area of about 11 cm. There is 

only one station (Tawau (Site 44) in the Celebes Sea) where the annual amplitude is not 

statistically different from zero (at the 95% confidence level). The annual amplitude is 

generally larger (> 15 cm) at stations in the south-western SCS, the Gulf of Thailand and 

around the southern Vietnam coastline, where the shelf is wider. The annual cycle peaks 

between July and January, with the sites around the Malacca Strait and the Philippines Sea 

peaking earlier and those in the Gulf of Thailand peaking later. The semi-annual amplitude 

has an average value of 4 cm and a maximum value of about 7 cm at Lumut (Site 4), in the 
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Malacca Strait, Danang (Site 20), in the western SCS, and Zhapo (Site 26), in the northern 

SCS. There are two stations (Puerto Princesa (Site 43) in the Philippines Sea and Xi Sha 

(Site 53) in the central SCS) where the semi-annual is statistically insignificant. It reaches 

its maximum between March and June, with the sites around the north-western Philippines 

Sea peaking early and the sites at the southern SCS peaking later.  

The seasonal cycle accounts on average for 60% of the observed monthly mean sea level 

variability at the tide gauges. It accounts for more than 88% in the coastal areas along the 

east of Peninsular Malaysia with maximum explained variance of 92% at Tanjung Gelang 

(Site 11). The minimum percentage of explained variance (6%) is obtained at Tawau, in 

the Celebes Sea. In the Malacca Strait, there is no significant difference between the annual 

and semi-annual amplitudes at the tide gauge records except in Ko Taphao Noi (Site 1) and 

Pulau Langkawi (Site 2). This indicates that the magnitude of annual and semi-annual 

cycle in the middle and southern part of the Malacca Strait are comparable at each station. 

To assess the role of atmospheric pressure on the annual and semi-annual harmonics at the 

tide gauges, the inverse barometer (IB) correction was applied to the sea level records. The 

resulting amplitudes and phases of the annual and semi-annual coastal seasonal cycle after 

applying the IB correction are also listed in Table 6.1 for the maximum period spanned by 

each tide gauge, within the period 1950-2012. Correcting for atmospheric pressure effects 

significantly changes (either increasing or decreasing its value) the annual amplitude at 22 

stations: these are mostly located in the northern and western parts of the SCS, the Gulf of 

Thailand and the north-western Philippines Sea. The largest increase is from 9 cm to 15 cm 

at Dongfang (Site 23), in the northern SCS, which account about 74% of changes in the 

annual amplitude (Fig. D2). On the other hand, the largest decrease is from 16 cm to 9 cm 

at Keelung (Site 32), in the north-western Philippines Sea. The annual phase changes by a 

maximum delay of 52 days at Beihai (Site 24), in the northern SCS, and advances by 5 

days at Sejingkat (Site 51), in the south-eastern SCS. Most stations in the northern SCS 
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show an increase in IB-corrected annual amplitude between 4 cm to 7 cm. This is in 

agreement with the higher annual amplitude (~6 mb – 7 mb) of sea level pressure in the 

northern SCS, peaking in January (Fig. D4).  

The semi-annual amplitude at Legaspi (Site 37), Surigao (Site 40) and San Jose (Site 36) in 

the Philippines Sea becomes insignificant (95% confidence) after correcting for 

atmospheric pressure. Thus for these stations atmospheric pressure is the dominant forcing 

parameter for the semi-annual cycle. However, the atmospheric pressure correction does 

not significantly change the semi-annual amplitude at any other stations in the study area.  

6.3.2 The Seasonal Cycle from Altimetry 

The second objective was to estimate the SSLC from altimetry records and identify their 

spatial characteristics. The analysis of the sea surface height anomalies from satellite 

altimetry provides better spatial resolution of the seasonal cycle (including differences 

between the open ocean and the continental shelf). The annual amplitude from the 

altimetry data shows an average amplitude of about 9 cm and exhibits significant spatial 

variability across the SCS (Fig. 6.2a). Larger mean annual amplitude values (18-24 cm) are 

found in the Gulf of Thailand, whereas the lowest amplitudes (~3 cm) occur in the Celebes 

Sea. Large annual amplitudes are also observed along the coasts of the northern, western 

and south-western SCS, the Gulf of Thailand and the northwest of Philippines with values 

ranging from 13 cm to 24 cm. The annual harmonic peaks at different times across the 

study area (Fig. 6.2b). On the northern and southern continental shelves, the annual 

harmonic peaks between November and January. In the central deep basin of the SCS, the 

Sulu Sea, the Malacca Strait and the Philippine Sea, the annual cycle mainly peaks 

between July and September. The annual harmonic is not significant in the western and 

eastern part of the Celebes Sea (hashed area on Fig. 6.2a). 
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The semi-annual amplitude also shows considerable spatial variability (Fig. 6.2c). The 

average amplitude for the study area is 3 cm with larger values of about 6 cm to 8 cm in 

the Malacca Strait and the Gulf of Tonkin (adjacent to northern Vietnam). The mean semi-

annual amplitude is statistically insignificant (95% confidence level) in the Philippine Sea, 

in the Celebes Sea, in most of the Sulu Sea and in the central deep basin of the SCS 

extended to the southern continental shelf. The semi-annual phase generally peaks between 

March and June (Fig. 6.2d) with the northern region peaking earlier and the southwestern 

part peaking later.  

The average percentage of variance explained by the mean seasonal cycle over the entire 

region is 51% (Fig. 6.3a). It is higher, about 85-90%, in the Gulf of Thailand. The seasonal 

cycle also has a relatively large contribution on the northern and southern continental 

shelves of the SCS with an explained variance mostly exceeding 70% of the observed total 

sea level variability. This is in agreement with higher sea level variance along the 

continental shelf of the SCS (Fig. 6.3b). Interestingly, the explained variance in the central 

deep basin lies only between 20-60% (except in the northwest Philippines), showing a 

major difference with respect to the explained variability over the continental shelves. A 

regional minimum of explained variance is found in the Celebes Sea where its spatial 

average is only about 10%.  

The spatial variability of the seasonal cycle from altimetry is generally consistent in most 

places with the results from the 29 IB corrected tide gauge sites that contain more than 19 

years of records for the common period from 1980-2012 (not shown). Comparison of the 

annual amplitudes of the seasonal cycle from altimetry with those derived from IB 

corrected tide gauge records for the period 1993-2012 shows significant differences at 20 

stations (Fig. 6.4a). In the Gulf of Thailand, the south-western SCS, and the western SCS, 

differences of more than 3 cm are observed. The maximum difference reaches 10 cm at 

Pom Phrachun (Site 16), Thailand. The maximum difference in the annual phase is found 
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at Tawau (Site 44), in the south-eastern SCS and Tanjung Keling (Site 6), in the Malacca 

Strait where the IB corrected tide gauges lead altimetry by 47 days. For the semi-annual 

amplitudes (results not shown), only one station (Zhapo (Site 26) in the northern SCS) 

shows significant differences indicating better agreement between the IB corrected tide 

gauge and the altimetry data for the semi-annual cycle. Differences in the annual harmonic 

may be due to the smaller scales of dynamical processes dominating the shallow water 

compared to the spatial resolution of altimetry data (Birol and Delebecque, 2014) 

especially the existence of seasonal coastal current along the continental shelf of the SCS.   

6.3.3 The Forcing of the Seasonal Cycle 

Having determined the general characteristics of the seasonal cycle across the study area, 

the third objective was to estimate relative contribution of potential mechanism to the 

SSLC. To address this problem, the seasonal cycle is quantified in: (1) the steric 

component; (2) the residual resulting from the removal of both the IB effect and the steric 

component from the total sea level; and (3) the wind contribution as estimated by a simple 

barotropic model (Equation 3.5). It is important to note that, besides the contribution of 

buoyancy fluxes, the steric component accounts also for the baroclinic response to the 

wind and the advection of heat by ocean surface currents. The residual provides a measure 

of the contribution of changes in ocean bottom pressure to the seasonal cycle, including 

those induced by the barotropic response of the ocean to changing winds (remote and 

local) and by changes in freshwater fluxes. The simple barotropic model is only calculated 

at tide gauge sites. Note that because the barotropic model is computed using the long-

shore wind from the grid point showing the highest correlation within a 4º x 4º area, it 

represents the contribution of local wind only.  

The annual amplitudes of the steric height component computed down to 500 m are 

significant at all tide gauge stations with values ranging from 2 cm to 11 cm (Table 6.2). 
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The average annual amplitude of the steric height is 5 cm with most of the stations 

reaching a maximum between August and November. The smaller values observed at 

stations mostly located in the southwestern SCS and the Gulf of Thailand while the larger 

values found in the stations in the northern Philippines Sea. The annual amplitude of the 

residual (corrected for steric and IB effect) is statistically insignificant (95% confidence 

level) at San Jose (Site 36) and Surigao (Site 40) in the Philippines Sea indicating that the 

steric component is the major forcing mechanism at those sites (Table D1). A comparison 

of the annual amplitude and phase from IB corrected tide gauge records with those from 

the steric and local wind indicates that the annual harmonics at most tide gauge sites in the 

Malacca Strait and the Philippines Sea are dominated by the steric component (Figs. 6.5a 

and 6.5b). The annual amplitude of the steric component is larger than local wind, at most 

tide gauge stations in the Malacca Strait and the Philippine Sea with the steric phase 

leading the IB corrected tide gauge records by less than 30 days.  

The semi-annual amplitude of the steric component has an average value of 2 cm and 

reaches a maximum value of 6 cm at all stations in the Malacca Strait except Kukup (Site 

7) (Table 6.2). Most stations peak between May and June. The semi-annual amplitude is 

statistically insignificant (95% confidence level) at 2 stations at Cebu (39) and Surigao in 

the Philippines Sea. On the other hand, the semi-annual residual component is statistically 

insignificant (95% confidence level) at 8 stations (Ko Taphao Noi (Site 1) and Lumut (Site 

4), in the Malacca Strait, Port Irene (Site 34) and Tacloban (Site 38), in the Philippines 

Sea, Sandakan (Site 46), in the Sulu Sea, and Kudat (Site 47), Labuan (Site 49) and Bintulu 

(Site 50), in the south-eastern SCS) reflecting considerable influence of the steric 

component at these stations. In general, the semi-annual harmonic at the tide gauges 

around the Malacca Strait and the south-eastern SCS is dominated by the steric component, 

as indicated by the fact that the semi-annual amplitudes of the steric are larger than those 
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of the local wind at most stations (except Kukup and Sejingkat (51)) and do not show 

significant differences in phase with IB corrected tide gauge (Figs. 6.5c and 6.5d).  

The seasonal cycle of the steric component is also computed using 200 m and 700 m as 

reference depths. Interestingly, the steric component computed down to 200 m depth 

shows significant differences with that referenced to 500 m in the semi-annual amplitudes 

at all stations in the Malacca Strait, with values that are about 4 cm lower for the steric 

referenced to 200 m. This result suggests a considerable influence of the steric component 

from the subsurface layer on the seasonal cycle in these particular regions. No significant 

difference is found between the seasonal cycle of the steric for reference depths of 500 m 

and 700 m. 

Using the simple barotropic model, the average annual amplitude of the contribution from 

the local wind is 8 cm, with a maximum value of 27 cm at Ko Mattaphon (Site 14), in the 

Gulf of Thailand (Table 6.2). The estimated annual phase at most tide-gauge locations 

peaks between October and February. Most of the stations located outside the continental 

shelves of the SCS including the south-eastern SCS have annual amplitudes smaller than 3 

cm. For the semi-annual harmonic, the average semi-annual amplitude is 2 cm with the 

largest value of 6 cm at Pom Phrachun (Site 16) and Ko Sichang (Site 17), in the Gulf of 

Thailand. In general, the annual harmonic of the IB-corrected tide gauges located on the 

continental shelves of the SCS and the Gulf of Thailand are dominated by the local wind 

(Figs. 6.5a and 6.5b). For the semi-annual harmonic, the local wind only dominates the IB-

corrected tide gauges at 10 stations, mostly located in the northern SCS (Figs. 6.5c and 

6.5d). The annual and semi-annual amplitudes of local wind are larger than those of the 

steric at these regions with the IB-corrected tide gauge leading the local wind by less than 

30 days and 20 days for the annual and semi-annual phase, respectively.  
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Large differences in phasing of the forcing factors (steric and local wind) with the IB 

corrected tide gauge records, for annual (> 30 days) and semi-annual (> 20 days) 

harmonics, were observed at six and 10 stations, respectively. These indicate neither the 

steric component nor the barotropic model can approximate the observed (IB corrected) 

amplitudes and phases. For example, at Lahad Datu (Site 45) in the Celebes Sea, the 

annual phase lag of steric component with IB corrected tide gauge is about 100-120 days. 

The other factors, such as the seasonality of currents and circulation, might also the 

responsible forcing factors of SSLC at these stations.  

In order to examine the different influences of the forcing mechanisms on the continental 

shelf and in the open ocean area of the SCS, this study analysed the steric component 

referenced to 500 m for the period 1993-2012. The annual amplitude of the steric 

component has a basin average value of 5 cm (Fig. 6.6a) and an annual phase peaking 

between April and September (Fig. 6.6b). The annual amplitude of the steric component is 

largest, up to 15 cm, in the northwest of the Philippines, similar to the result observed from 

altimetry (Fig. 6.2a). The enhanced amplitudes in this area may be related to changes in the 

eddy circulation and water mass redistribution associated with them (Wang et al., 2012; 

Yuan et al., 2007). For instance, during summer, a spin up of the anti-cyclonic eddy caused 

water to accumulate in the interior of the eddy, which in turn would result in sea level 

rising in the eddy and falling on the coast. The annual amplitude is lower, less than 3 cm, 

in the south-western part of the SCS and in the Gulf of Thailand, and statistically 

insignificant (95% confidence) in the Celebes Sea. The annual amplitude of the steric 

component has similar spatial patterns to the altimetry data in terms of amplitude and 

phase in the central deep basin of the SCS, the northern Malacca Strait, the Philippines Sea 

and the Sulu Sea. This suggests that the SSLC in the deep basin is mainly triggered by the 

seasonal heating and cooling of the ocean and confirms findings from Cheng and Qi 

(2010). This heating and cooling, during the Southwest Monsoon and the Northeast 
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Monsoon respectively, can be due to surface heat fluxes or local Ekman pumping induced 

by wind stress curl. 

The semi-annual amplitude of the steric component is statistically insignificant (95% 

confidence level) across most of the study domain in the Philippines Sea (Fig. 6.6c). The 

semi-annual amplitude of the steric component is larger, up to 6 cm, in the northernmost 

part of the Malacca Strait. In the northern Malacca Strait and northern SCS, it peaks 

around May while the regions south of Vietnam peak in January (Fig 6.6d). The spatial 

pattern of the semi-annual amplitude and phase of the steric component in the northern part 

of Malacca Strait and south of Vietnam is similar to that observed from altimetry (Figs. 

6.2c and 6.2d), indicating that steric variations are the main forcing of the semi-annual 

component of observed SSLC in these regions. 

The larger variance explained by the residual component (i.e. steric-corrected altimetry) is 

found in the south-western SCS (70-90%), which primarily represents the contribution of 

wind (Fig. 6.7). This is supported by the results of a number of tests using a simple 

barotropic model which show that the SSLC in the coastal tide gauges in this area is 

dominated by wind (Fig. 6.5). The mass displacement between sea level in the northern 

SCS and south-western SCS, on the continental shelves, is due to the current induced by 

the Northeast Monsoon wind. During the commencement of the Northeast Monsoon, sea 

level on the northern shelf of the SCS rises by up to 20 cm between the end of October and 

November (Fig. 6.8d) and falls by 10 to 15 cm between December and January (Fig. 6.8a 

and 6.8i). The sea level in the south-western SCS, including the Gulf of Thailand, rises by 

up to 20 cm between December and January (Fig. 6.8a and 6.8i) before decreasing by 10 to 

15 cm in March (Figs. 6.8b and 6.8j). During the Southwest Monsoon (June-August), the 

sea level on the continental shelves of the SCS falls by 10 to 20 cm (Figs. 6.8c and 6.8k). 

The observed seasonal fluctuation of sea level in the southwestern SCS is in agreement 

with the findings of Tkalich et al. (2013), who found the annual sea level is about ± 20 cm 
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in the Singapore Strait and the shelf area of the south-western SCS and is driven by the 

monsoon. 

6.3.4 Temporal Variability of the Seasonal Cycle 

The fourth objective was to determine temporal variability in the amplitudes and phases of 

the SSLC at the tide gauge sites. The annual and semi-annual harmonics around the SCS 

show different temporal variations (Table 6.3). The variation of the annual amplitude is 

largest at Honngu (Site 21), in the western SCS, with a range up to 11 cm, corresponding 

to 55% of the maximum amplitude (19 cm) observed at this station. The largest range of 

annual phase is 63 days at Lahat Datu (Site 45), in the Celebes Sea. For the semi-annual 

amplitude, the largest range is with a value of 5 cm, largest at Danang (Site 20), in the 

western SCS, corresponding to 45% of the maximum amplitude (11 cm). The largest range 

of the semi-annual phases is 66 days at Ishigaki (Site 33), in the Philippines Sea. The 

temporal variation in the annual amplitude is statistically insignificant (95% confidence 

level) at one station at Tawau (Site 44), in the Celebes Sea.  

In the Malacca Strait, the temporal variations of the annual (Fig. 6.9a) and semi-annual 

amplitudes (not shown) from tide gauge records show spatial coherency. The decreasing 

trend of annual amplitudes from 1985-1999 is observed in all records except at Tanjung 

Keling (Site 6) and Kukup (Site 7). Interestingly, the temporal variations of the annual 

amplitude at the stations in the northern part of the Malacca Strait after 2005 indicate a 

decreasing trend, whereas the southern stations (Tanjung Keling and Kukup) register an 

increasing trend. Spatial coherence of the annual (Fig. 6.9b) and semi-annual amplitudes 

(not shown) is also identified in the tide gauge records in the south-western SCS. The 

decreasing trend of amplitudes from 1990-1995 is observed in all records except at 

Tanjong Pagar (Site 8). In the northern SCS, spatial coherence of annual (Fig. 6.9c) and 

semi-annual amplitudes (not shown) are evident at Zhapo (Site 26), Macau (Site 27), Hong 
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Kong (Site 28), Shanwei (Site 29) and Xiamen (Site 30). The annual amplitudes show a 

sharp decrease from 1976-1980. In contrast, the semi-annual amplitudes show an inverse 

evolution with a pronounced peak in 1980 at these stations (not shown). The peak of the 

semi-annual amplitude in 1980 is also noticeable at Ko Lak (Site 15) and Ko Sichang (Site 

17) in the Gulf of Thailand. The annual amplitudes at Legaspi (Site 37), Tacloban (Site 

38), Cebu (Site 39) and Davao (Site 41) peak in 1968/1969 (Fig. 6.9d).  

In order to assess the forcing of the temporal variability of the seasonal cycle, a harmonic 

analysis was also performed on de-trended time series of wind, steric height, the simple 

barotropic model, sea level pressure, surface air temperature, and two climatic indices 

(MEI and MI). Then, their influence on the annual amplitudes of the SSLC was assessed 

via stepwise regression. The surface air temperature was included as an additional 

predictor due to the potential contribution from temperature differences between 

continental landmass and sea that can affect coastal SSLC (Plag and Tsimplis, 1999).  The 

climate indices are assumed to represent the regional forcing while other predictors act as a 

local forcing of sea level variability. Two multiple regression models were used with 

different initial conditions in the wind forcing. These differ with respect to the direction on 

which the wind components are projected using either: (1) u and v wind components; or 

(2) p and q wind components (along-shore or cross-shore winds). The regression models 

for each site and the associated predictors are selected based on significance (95% 

confidence) and the percentage of sea level variance explained by each model. The time 

series of the seasonal cycle estimated by the regression model is shown for comparison by 

the red lines in Figure 6.8.  

The average variance explained by the regression model is 66% with a maximum value of 

97% at Pulau Langkawi (Site 2), in the Malacca Strait (Table D2). In the Malacca Strait, 

the explained variance of the regression model at four stations (Pulau Langkawi, Pulau 

Pinang (3), Lumut (4) and Pelabuhan Kelang (5)) exceeds 88% leaving only a minor part 
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unexplained (Fig. 6.9a). The u wind component alone is able to explain between 52% and 

88% of the temporal variability of annual sea level cycle at these stations (Table D3). Note 

that the percentages of variance accounted for by the u wind alone (except Pelabuhan 

Kelang) includes the interaction effects (see also Jaccard and Turrisi, 2003 for further 

discussions), therefore they share the variance with the other significant predictors. 

Nevertheless, the main aim of this analysis was to identify the significant forcing 

mechanism of temporal variability by optimizing the regression model rather than 

estimating the unique contributions of forcing factors to the observed changes. The u wind 

is also significant (95% confidence level) at all stations in the Malacca Strait (except Ko 

Taphao Noi) signifying a dominant role of the forcing mechanism on temporal variability 

in this region. There is no clear forcing parameter inducing the increasing trend after 2005 

at Kukup and Tanjung Keling. In the northern SCS, the sharp decrease of annual amplitude 

between 1976 and 1980 can be attributed to the influence of cross-shore wind (Fig. D3a). 

As for the Philippines Sea, the peak of annual amplitudes in 1968/1969 can be partly 

associated to the changes of long-shore wind component (Fig. D3b). 

Atmospheric pressure and surface air temperature are found to have considerable influence 

in the northern SCS and the Philippine Sea. The alteration between the higher pressure and 

cooler Northeast Monsoon associated with the Siberian High, and the warmer and lower 

pressure Southwest Asian summer Monsoon, may explain the influence of atmospheric 

pressure and surface air temperature. The inclusion of climate indices is significant at 27 

stations, increasing the variance explained by the regression model on average by about 

36% and by a maximum of 83%. However, it must be noted that several predictors used 

are not independent, for instance, atmospheric pressure and wind. Therefore, it is 

questionable whether it really reflects direct effects rather than better correlation with other 

physical predictors. 
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The varying importance of the driving factors between sites signifies the complexity of the 

forcing of the temporal variability in the seasonal cycle. In summary, the forcing of 

temporal variability does not show coherency with the major forcing in the mean seasonal 

cycle, similar to the findings from Torres and Tsimplis (2012) in the Caribbean Sea.  

6.3.5 The Seasonal Variation of Coastal Mean Sea Level 

Up to now this part of the study has considered the annual and semi-annual cycle 

separately. Now, for the fifth objective, the combination of the two harmonics, which 

equates to the observed cycle was examined. The changes in magnitude and period of 

maximum sea level particularly, are important to consider from a coastal flooding point of 

view (Dangendorf et al., 2012). The height and month in which the seasonal cycle reaches 

its maximum and minimum was calculated as an average climatology and is listed in Table 

6.4 for each of the study sites.  

The seasonal coastal sea level in the SCS and the Gulf of Thailand peaks in the period 

between November and December. Interestingly, although only separated by the Malaysian 

Peninsular, there is a large difference of the maximum sea level in the coastal area between 

the Malacca Strait (~8-9 cm) and the southwestern SCS (~19-29 cm). This is due to 

different forcing mechanisms. For instance, the steric component has a larger influence in 

the Malacca Strait (as shown at Pulau Pinang (Site 3) in Fig. 6.10a. Furthermore, the 

period of maximum coastal sea level in the Malacca Strait differs between the northern part 

in May and June, and the southern part in November, mainly representing the first and 

second peak of the semi-annual harmonics of steric, respectively. This also indicates 

greater importance of the semi-annual cycle compared to the annual cycle in this sub 

region. In the south-western SCS, the wind forcing is more dominant (as shown at 

Cendering (Site 12) and Vungtau (Site 18) in Fig. 6.10b and 6.10c, respectively). In the 

Philippines Sea, the coastal sea level peaks early between August and September and is 
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largely dominated by the steric component (as shown at Port Irene (Site 34) in Fig. 6.10d). 

The minimum seasonal coastal sea level in the south-western of the SCS mainly occurs 

during June and July whereas at the Philippines Sea stations, it occurs between January and 

February. Interestingly, these results demonstrate a seesaw effect of sea level gradient, an 

opposite phase difference of about 180º between stations in the south-western SCS and the 

Philippines Sea.  

The average of the maximum range of seasonal coastal sea level from all station is 25 cm. 

The highest range is up to 50 cm at Ko Mattaphon (Site 34) in the Gulf of Thailand. Most 

of the stations located along the south-western SCS and Gulf of Thailand have a maximum 

range more than 36 cm associated to the strong influence of wind during the Northeast 

Monsoon.  

6.4 Conclusions  

The SSLC around the SCS has been investigated using tide gauge records and altimetry 

data, revealing significant spatial variability in both amplitude and phase. The coastal mean 

annual amplitude is up to 23 cm, reaching maximum values mainly between July and 

January. For the semi-annual harmonic, the mean amplitude reaches 7 cm and peaks 

between March and June and again six months later. The seasonal cycle accounts on 

average for 60% with maximum values of up to 92% of the monthly sea level variability 

along the coast. Correcting for atmospheric pressure caused significant changes in the 

annual harmonics at 22 tide gauge stations, mainly located in the northern and western 

SCS, the Gulf of Thailand and the north-western Philippines Sea. Furthermore, 

atmospheric pressure provides the main forcing of the semi-annual harmonics at three 

stations located in the Philippines Sea.  

The SSLC from altimetry shows significant differences of annual harmonics between the 

continental shelves of the SCS (including the Gulf of Thailand), and the deeper basin in the 
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SCS, the Philippines Sea, the Sulu Sea and also the Malacca Strait. On the continental 

shelves, the annual amplitudes range between 13 and 24 cm and peak between November 

and January. In contrast, the annual amplitude in the deeper basin of the study area is 

lower, ranging between 3 and 10 cm and reaching a maximum between July and 

September. The seasonal cycle exerts greater influence on the continental shelf areas of the 

Gulf of Thailand, the south-western and the northern SCS with the percentage of explained 

variance about 70-90% of the sea level variability. A comparison of the annual harmonics 

estimated from tide gauge records and nearest altimetry grid point, showed significant 

differences at 20 stations, mostly located at the south-western SCS, the western SCS and 

the Gulf of Thailand. The altimetry data underestimate the amplitude of the annual cycle 

on average by about 5 cm with maximum values of up to 10 cm. For the semi-annual 

harmonic, tide gauge records and altimetry are in better agreement with significant 

differences at only one station. 

The steric component dominates the SSLC in the Malacca Strait, the Philippines Sea, and 

the central deep basin in the SCS. The maximum annual and semi-annual amplitude of the 

steric component is up to 15 cm and 7 cm, respectively with the annual steric phase 

generally leading the tide gauge (IB corrected) by less than 30 days. In the continental 

shelves of the SCS and the Gulf of Thailand, the SSLC is generally dominated by the 

forcing of wind, associated with the Monsoon wind. Using a simple barotropic model 

(Sandstrom, 1980), the maximum annual and semi-annual amplitude of sea level induced 

by local wind is 27 cm and 6 cm. The wind phases generally lag the tide gauge records (IB 

corrected) by less than 30 days and 20 days for the annual and semi-annual phase, 

respectively. However, neither the steric component nor the barotropic model can 

approximate the SSLC at several tide gauge stations (see Section 6.3.3). This could be due 

to the remote forcing factors such as the current and circulations. Estimating the 
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contribution of the seasonal variability of circulation pattern and water exchange between 

basins to the seasonality of sea level in the SCS, should be considered in the future. 

There is considerable temporal variability in the amplitudes and phases of SSLC. The 

variation of the annual and semi-annual harmonics is up to 63% and 45% of the maximum 

amplitude, 15 cm and 11 cm, respectively. The spatial coherence is stronger in the Malacca 

Strait and in the south-western SCS. A stepwise regression analysis explained the 

variability on average by about 66%, with a maximum of 97%. The temporal variability of 

annual sea level cycle in the Malacca Strait is mainly associated with the zonal wind. In the 

other region, the forcing factors varied between stations indicating the complex forcing of 

the temporal variability. Furthermore, the forcing of temporal variability is not consistent 

with the sea level forcing in the mean SSLC. Nevertheless, the results of our analysis 

provide valuable information about the forcing mechanism responsible for the changes in 

the SSLC in this region. This information can be used to build dynamical models with 

improved predictive capability, and thus to produce better prediction of possible future 

changes in the SSLC that can be included, for instance, in impact assessment.  

The average of maximum range of the total (i.e. annual and semi-annual harmonics 

combined) SSLC is 25 cm, with the highest range up to 50 cm. The maximum range is 

larger, more than 37 cm, along south-western parts of the SCS and the Gulf of Thailand. 

During the Northeast Monsoon, the maximum period of coastal seasonal sea level together 

with the occurrence of spring tide and storm surges, will increase the risk and probability 

of coastal flooding in these regions. Moreover, the risk of flooding is greater along the east 

coast of Peninsular Malaysia due to the heavy precipitation (>12 mm/hr) during the 

Northeast Monsoon concentrated along the coastal flood prone area (Varikoden et al., 

2011). Therefore it is important to incorporate the information of mean SSLC and its 

temporal variability in the assessment of coastal risk and vulnerability in this region. 
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Table 6.1. Seasonal harmonics from total and barometrically corrected sea level from tide gauge records over the maximum time span of each record within the period 

1950-2012a
 

  Observed Tide Gauge  Barometrically Corrected Tide Gauge 

  Annual Semi-annual Explained 

Variance 

(%) 

Variance 

(cm2) 

 Annual Semi-annual 

No Station Name Aa (cm) Pa (days) Asa (cm) 
Psa 

(days) 
 Aa (cm) Pa (days) Asa (cm) 

Psa 

(days) 

1 Ko Taphao Noi 9.5 ± 1.3 223 ±  8 5.9 ± 1.3 139 ±  6 32 64.0  9.0 ± 1.3 234 ±  8 5.6 ± 1.3 140 ±  7 

2 Pulau Langkawi 9.3 ± 1.1 218 ±  7 6.0 ± 1.1 136 ±  5 56 60.8  8.9 ± 1.1 228 ±  7 5.7 ± 1.1 138 ±  5 

3 Pulau Pinang 8.1 ± 1.1 221 ±  8 6.1 ± 1.1 138 ±  5 53 51.3  7.8 ± 1.0 233 ±  8 5.8 ± 1.0 140 ±  5 

4 Lumut 6.8 ± 1.0 232 ±  9 6.5 ± 1.0 141 ±  4 54 45.8  7.1 ± 0.9 243 ±  8 6.2 ± 0.9 143 ±  4 

5 Pelabuhan Kelang 6.1 ± 1.1 241 ± 10 6.4 ± 1.1 139 ±  5 44 37.9  6.6 ± 1.1 252 ±  9 5.9 ± 1.0 140 ±  5 

6 Tanjung Keling 4.4 ± 0.9 274 ± 11 5.1 ± 0.9 142 ±  5 44 23.1  5.5 ± 0.8 283 ±  9 4.7 ± 0.8 144 ±  5 

7 Kukup 5.0 ± 0.8 318 ±  9 4.7 ± 0.8 144 ±  5 50 23.1  6.3 ± 0.7 318 ±  7 4.3 ± 0.7 147 ±  5 

8 Tanjong Pagar 12.8 ± 0.8 363 ±  3 2.9 ± 0.8 159 ±  8 81 86.3  13.8 ± 0.8 359 ±  3 2.7 ± 0.8 165 ±  8 

9 Tanjung Sedili 17.8 ± 0.7 365 ±  2 2.6 ± 0.7 158 ±  8 90 160.3  18.7 ± 0.7 362 ±  2 2.5 ± 0.7 165 ±  8 

10 Pulau Tioman 17.2 ± 0.6 365 ±  2 2.6 ± 0.6 145 ±  7 91 151.1  18.1 ± 0.7 362 ±  2 2.2 ± 0.7 150 ±  8 

11 Tanjung Gelang 18.8 ± 0.6   2 ±  2 2.9 ± 0.6 144 ±  6 92 181.5  19.9 ± 0.6 364 ±  2 2.6 ± 0.6 149 ±  7 

12 Cendering 19.8 ± 0.7   2 ±  2 3.4 ± 0.7 143 ±  6 91 201.7  21.2 ± 0.7 365 ±  2 3.0 ± 0.7 148 ±  7 

13 Geting 22.7 ± 1.0 364 ±  2 5.0 ± 1.0 151 ±  6 88 266.1  24.3 ± 1.0 362 ±  2 4.9 ± 1.0 155 ±  6 

14 Ko Mattaphon 23.3 ± 1.5   5 ±  4 3.7 ± 1.5 148 ± 14 83 274.2  25.4 ± 1.8 3 ± 4 3.5 ± 1.8 152 ± 15 

15 Ko Lak 21.3 ± 0.6   4 ±  2 3.6 ± 0.6 131 ±  5 88 230.9  24.0 ± 0.7 2 ± 2 3.3 ± 0.6 132 ±  6 

16 Pom Phrachun 15.2 ± 0.6   8 ±  2 2.4 ± 0.6 110 ± 8 76 118.3  18.4 ± 0.7 3 ± 2 2.1 ± 0.7  113 ± 9 

17 Ko Sichang 17.7 ± 0.8   7 ±  3 2.0 ± 0.8 106 ± 11 78 156.8  21.0 ± 0.8 3 ± 2 2.0 ± 0.7 107 ± 10 

18 Vungtau 20.6 ± 0.8 358 ±  2 5.7 ± 0.8 128 ±  4 86 223.2  23.0 ± 0.8 358 ±  2 5.3 ± 0.8 129 ±  5 

19 Quinhon 13.4 ± 1.1 334 ±  5 5.9 ± 1.1 126 ±  5 67 107.8  17.7 ± 1.1 342 ±  3 5.9 ± 1.1 127 ±  5 

20 Danang 17.8 ± 1.0 322 ±  3 7.2 ± 1.0 125 ±  4 82 185.9  22.8 ± 1.0 331 ±  3 7.4 ± 1.0 126 ±  4 

21 Honngu 13.9 ± 1.5 307 ±  6 5.7 ± 1.5 113 ±  8 50 113.4  18.8 ± 1.6 323 ±  5 6.1 ± 1.5 115 ±  7 

22 Hondau 10.6 ± 0.7 282 ±  4 4.7 ± 0.7 121 ±  4 67 67.9  14.6 ± 0.7 314 ±  3 5.2 ± 0.7 122 ±  4 
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23 Dongfang 8.6 ± 0.9 307 ±  6 5.7 ± 0.9 115 ±  5 78 53.4  14.9 ± 1.0 333 ±  4 6.2 ± 1.0 117 ±  4 

24 Beihai 9.1 ± 0.8 251 ±  5 4.0 ± 0.8 125 ±  5 74 50.2  9.9 ± 0.8 303 ±  5 4.6 ± 0.8 127 ±  5 

25 Haikou 8.8 ± 0.8 288 ±  6 5.3 ± 0.8 117 ±  4 73 53.2  13.0 ± 0.8 323 ±  4 5.8 ± 0.8 118 ±  4 

26 Zhapo 11.1 ± 0.7 305 ±  4 6.9 ± 0.7 112 ±  3 66 86.3  16.4 ± 0.7 329 ±  3 7.2 ± 0.7 114 ±  3 

27 Macau 9.9 ± 1.1 286 ±  7 6.4 ± 1.1 113 ±  5 51 69.8  13.2 ± 1.2 321 ±  5 6.7 ± 1.2 114 ±  5 

28 Hong Kong 11.2 ± 0.8 304 ±  4 5.5 ± 0.8 109 ±  4 58 78.2  16.0 ± 0.8 329 ±  3 5.8 ± 0.8 111 ±  4 

29 Shanwei 10.3 ± 1.0 303 ±  6 5.6 ± 1.0 106 ±  5 69 68.7  14.9 ± 1.0 330 ±  4 5.8 ± 1.0 109 ±  5 

30 Xiamen 13.1 ± 0.9 303 ±  4 4.9 ± 0.9 106 ±  5 63 98.2  17.7 ± 0.8 327 ±  3 5.2 ± 0.8 109 ±  5 

31 Kaohsiung II 11.4 ± 1.0 222 ±  5 2.2 ± 1.0  89 ± 12 67 67.3  6.6 ± 0.9 252 ±  8 2.0 ± 0.9  93 ± 14 

32 Keelung II 16.2 ± 0.6 211 ±  2 2.2 ± 0.6  53 ±  8 85 133.5  8.8 ± 0.6 231 ±  4 1.6 ± 0.6  59 ± 11 

33 Ishigaki II 15.3 ± 0.8 214 ±  3 1.5 ± 0.8  55 ± 16 73 118.9  9.4 ± 0.8 229 ±  5 1.0 ± 0.8  55 ± 25 

34 Port Irene 19.6 ± 1.2 208 ±  4 2.1 ± 1.2  69 ± 16 83 190.5  15.6 ± 1.1 211 ±  4 2.0 ± 1.1  65 ± 16 

35 Manila 12.5 ± 0.6 226 ± 3 1.5 ± 0.6  87 ± 11 73 78.4  10.4 ± 0.6 234 ± 3 1.5 ± 0.5  79 ± 10 

36 San Jose 7.3 ± 1.2 236 ± 10 1.4 ± 1.2 113 ± 26 41 27.8  6.3 ± 1.1 248 ± 10 - - 

37 Legaspi 6.0 ± 0.6 208 ±  6 0.8 ± 0.6 107 ± 22 33 18.3  3.6 ± 0.6 216 ± 10 - - 

38 Tacloban 7.5 ± 1.1 215 ±  8 1.4 ± 1.1  98 ± 22 41 29.5  6.0 ± 1.0 224 ± 10 1.4 ± 1.0  89 ± 22 

39 Cebu 8.0 ± 0.7 221 ±  5 1.2 ± 0.7 123 ± 17 45 32.4  7.3 ± 0.6 229 ±  5 0.8 ± 0.6 116 ± 25 

40 Surigao 7.1 ± 1.7 224 ± 14 1.9 ± 1.7  99 ± 26 27 26.9  6.4 ± 1.6 232 ± 14 - - 

41 Davao 6.2 ± 0.8 210 ±  7 2.1 ± 0.8 105 ± 11 35 21.8  5.7 ± 0.8 218 ±  8 1.9 ± 0.8  99 ± 11 

42 Jolo, Sulu 3.4 ± 0.7 231 ± 12 1.9 ± 0.7 116 ± 10 21 7.7  3.5 ± 0.6 249 ± 11 1.7 ± 0.7 112 ± 11 

43 Puerto Princesa,  5.4 ± 1.1 285 ± 12 - - 36 15.8  6.1 ± 1.0 299 ± 10 - - 

44 Tawau - - 1.7 ± 0.9 111 ± 16 6 1.8  1.4 ± 0.9 272 ± 38 1.4 ± 0.9 106 ± 19 

45 Lahat Datu 2.3 ± 1.2 257 ± 30 1.8 ± 1.2 121 ± 19 11 4.3  2.8 ± 1.1 272 ± 23 1.4 ± 1.1 118 ± 23 

46 Sandakan 6.0 ± 1.0 317 ± 10 1.5 ± 1.0 149 ± 21 39 19.3  6.9 ± 1.0 317 ±  8 1.1 ± 1.0 155 ± 25 

47 Kudat 8.3 ± 1.3 290 ±  9 3.1 ± 1.3 146 ± 12 53 39.5  9.2 ± 1.2 293 ±  7 2.8 ± 1.2 149 ± 12 

48 Kota Kinabalu 7.9 ± 0.9 290 ±  6 3.8 ± 0.9 139 ±  7 60 39.0  8.9 ± 0.8 295 ±  5 3.4 ± 0.8 140 ±  7 

49 Labuan 2 7.8 ± 1.1 310 ±  8 3.5 ± 1.1 144 ±  9 56 37.8  8.8 ± 1.0 311 ±  7 3.2 ± 1.0 146 ±  9 

50 Bintulu 8.3 ± 0.9 330 ±  6 2.5 ± 0.9 147 ± 10 67 37.9  9.3 ± 0.8 329 ±  5 2.1 ± 0.8 149 ± 11 
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51 Sejingkat 9.4 ± 0.9 365 ±  6 1.2 ± 0.9 179 ± 21 74 44.1  10.0 ± 0.9 360 ±  5 1.3 ± 0.9   4 ± 19 

52 Nan Sha 7.0 ± 1.2 236 ± 10 2.9 ± 1.2  92 ± 12 49 27.9  6.3 ± 1.2 251 ± 11 3.0 ± 1.2  88 ± 12 

53 Xi Sha 9.4 ± 1.2 199 ±  8 - - 46 44.3  4.5 ± 1.2 214 ± 16 - - 
aThe standard error (95% confidence level) of amplitude and phase are presented. Only values for statistically significant harmonics and amplitude more than 1 cm 

are shown. 
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Table 6.2. Seasonal harmonics from steric height and simple barotropic model over the maximum time span of each record within the period 1950-2012a
 

  Steric Height  Simple Barotropic Model 

  Annual Semi-annual  Annual Semi-annual Width of 

shelf 

(km) 
No Station Name Aa (cm) Pa (days) Asa (cm) 

Psa 

(days) 
 Aa (cm) Pa (days) Asa (cm) 

Psa 

(days) 

1 Ko Taphao Noi 6.1 ± 0.5 215 ±  5 6.1 ± 0.5 146 ±  2  - - - - 66 

2 Pulau Langkawi 5.8 ± 0.7 217 ±  7 6.1 ± 0.7 146 ±  4  1.0 ± 0.1 205 ±  4 - - 172 

3 Pulau Pinang 6.1 ± 0.7 217 ±  7 6.1 ± 0.7 147 ±  4  - - - - 290 

4 Lumut 5.9 ± 0.7 218 ±  7 6.2 ± 0.7 147 ±  3  - - - - 382 

5 Pelabuhan Kelang 5.9 ± 0.7 218 ±  7 6.2 ± 0.7 147 ±  3  1.1 ± 0.1 363 ±  6 - - 517 

6 Tanjung Keling 6.0 ± 0.7 217 ±  7 6.0 ± 0.7 147 ±  4  1.3 ± 0.1   2 ±  6 - - 642 

7 Kukup 5.8 ± 0.7 217 ±  7 6.0 ± 0.7 147 ±  4  2.6 ± 0.1  16 ±  2 - - 904 

8 Tanjong Pagar 2.0 ± 0.1 217 ±  7 6.1 ± 0.7 147 ±  4  13.7 ± 0.4  23 ±  2 3.0 ± 0.4   8 ±  4 869 

9 Tanjung Sedili 1.8 ± 0.1 231 ±  4 1.4 ± 0.1 155 ±  3  14.5 ± 0.5  22 ±  2 3.5 ± 0.5  12 ±  4 800 

10 Pulau Tioman 2.0 ± 0.1 233 ±  3 1.0 ± 0.1 139 ±  3  13.6 ± 0.4  22 ±  2 3.3 ± 0.4  13 ±  4 748 

11 Tanjung Gelang 2.6 ± 0.1 253 ±  3 - -  13.8 ± 0.4  16 ±  2 3.0 ± 0.4   4 ±  4 779 

12 Cendering 2.3 ± 0.2 261 ±  4 1.1 ± 0.2 108 ± 5  14.1 ± 0.4  16 ±  2 3.0 ± 0.4   3 ±  4 764 

13 Geting 1.6 ± 0.1 26 ±  5 1.0 ± 0.1  167 ±  4  13.9 ± 0.5   5 ±  2 3.8 ± 0.5 172 ±  4 780 

14 Ko Mattaphon 1.6 ± 0.2 30 ±  9 1.0 ± 0.1  167 ±  4  26.9 ± 1.5   1 ±  3 4.0 ± 1.5 141 ± 11 1154 

15 Ko Lak 1.8 ± 0.1 27 ±  4 1.0 ± 0.1  168 ±  3  26.3 ± 0.7   2 ±  2 4.1 ± 0.7 137 ±  5 1155 

16 Pom Phrachun 1.8 ± 0.1 27 ±  4 1.0 ± 0.1  167 ±  3  14.1 ± 1.2 334 ±  2 5.7± 0.5 152 ±  3 1155 

17 Ko Sichang 1.8 ± 0.1 29 ±  4 1.1 ± 0.1  167 ±  3  14.1 ± 0.5 333 ±  2 5.9 ± 0.5 152 ±  3 1142 

18 Vungtau 4.9 ± 0.6 209 ±  7 1.6 ± 0.6  99 ± 10  20.9 ± 0.6  16 ±  2 2.1 ± 0.6 161 ±  8 467 

19 Quinhon 2.7 ± 0.3 327 ±  6 2.9 ± 0.3 146 ±  3  16.9 ± 0.6 350 ±  2 2.5 ± 0.6 147 ±  7 290 

20 Danang 4.2 ± 0.3 310 ± 4 3.7 ± 0.3 145 ±  2  8.5 ± 0.4 339 ±  3 1.7 ± 0.4 145 ±  7 131 

21 Honngu 2.9 ± 0.3 326 ±  6 3.2 ± 0.3 146 ±  3  19.2 ± 0.9 343 ±  3 4.1 ± 0.9 116 ±  7 459 

22 Hondau 4.9 ± 0.1 246 ±  2 3.1 ± 0.1 146 ±  1  12.4 ± 0.5  14 ±  2 3.9 ± 0.5 102 ±  4 493 
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23 Dongfang 2.7 ± 0.5 326 ± 10 3.1 ± 0.5 146 ±  4  10.3 ± 0.8 342 ±  4 2.4 ± 0.8 117 ±  9 236 

24 Beihai 5.0 ± 0.2 246 ±  2 3.1 ± 0.2 146 ±  2  12.9 ± 0.8   9 ±  3 3.5 ± 0.8 115 ±  6 458 

25 Haikou 6.2 ± 0.2 255 ±  2 2.0 ± 0.2 132 ±  3  7.3 ± 0.4   4 ±  3 1.7 ± 0.4 122 ±  7 198 

26 Zhapo 7.2 ± 0.4 284 ±  3 3.2 ± 0.4 135 ±  3  22.1 ± 0.7 353 ±  2 3.8 ± 0.7 122 ±  5 262 

27 Macau 7.1 ± 0.4 283 ±  3 3.2 ± 0.4 135 ±  3  16.0 ± 0.7 354 ±  2 3.0 ± 0.7 113 ±  6 243 

28 Hong Kong 7.2 ± 0.3 283 ±  3 3.3 ± 0.3 134 ±  3  13.6 ± 0.4 353 ±  2 2.5 ± 0.4 115 ±  5 200 

29 Shanwei 7.3 ± 0.3 267 ±  3 2.9 ± 0.3 122 ±  3  15.4 ± 0.7 357 ±  3 2.9 ± 0.7 117 ±  7 160 

30 Xiamen 8.4 ± 0.4 253 ±  3 1.1 ± 0.4 118 ± 10  20.9 ± 0.7 359 ±  2 4.7 ± 0.7 111 ±  4 243 

31 Kaohsiung II 7.4 ± 0.6 236 ±  4 0.7 ± 0.6  59 ± 24  2.3 ± 0.2 349 ±  5 - - 55 

32 Keelung II 8.0 ± 0.6 224 ±  4 0.9 ± 0.6 179 ± 20  1.5 ± 0.1 364 ±  3 - - 29 

33 Ishigaki II 8.0 ± 0.6 229 ±  5 0.7 ± 0.6 162 ± 25  1.3 ± 0.1 360 ±  2 - - 12 

34 Port Irene 11.1 ± 0.9 221 ±  5 1.2 ± 0.9  69 ± 23  - - - - 11 

35 Manila 10.4 ± 0.3 218 ±  2 1.7 ± 0.3 131 ±  6  3.3 ± 0.1  15 ±  2 - - 89 

36 San Jose 5.8 ± 0.7 247 ±  7 2.0 ± 0.7 144 ± 11  2.2 ± 0.1  29 ±  3 - - 34 

37 Legaspi 4.6 ± 0.4 227 ±  5 1.0 ± 0.4 115 ± 12  1.3 ± 0.1  18 ±  2 - - 36 

38 Tacloban 7.3 ± 0.6 204 ±  5 1.4 ± 0.6 104 ± 13  3.7 ± 0.2  48 ±  3 - - 109 

39 Cebu 5.2 ± 0.3 224 ±  3 - -  - - - - 4 

40 Surigao 5.2 ± 0.7 223 ±  7 - -  2.7 ± 0.2  44 ±  4 - - 85 

41 Davao 6.5 ± 0.7 205 ±  6 2.7 ± 0.7 123 ±  7  - - - - 29 

42 Jolo, Sulu 5.1 ± 0.4 240 ±  5 1.0 ± 0.4  33 ± 12  - - - - 52 

43 Puerto Princesa,  5.8 ± 0.9 264 ±  9 1.9 ± 0.9 157 ± 14  1.8 ± 0.1  29 ±  3 - - 35 

44 Tawau 2.3 ± 0.8  75 ± 21 1.7 ± 0.8  92 ± 14  - - - - 44 

45 Lahat Datu 1.9 ± 1.2 109 ± 36 1.5 ± 1.2  71 ± 23  - - - - 222 

46 Sandakan 3.4 ± 0.3 264 ±  6 0.9 ± 0.3 150 ± 10  - - - - 100 

47 Kudat 5.2 ± 0.6 281 ±  6 2.5 ± 0.6 150 ±  7  1.5 ± 0.1  37 ±  5 - - 73 

48 Kota Kinabalu 5.3 ± 0.4 291 ±  4 4.1 ± 0.4 149 ±  3  1.8 ± 0.1  34 ±  4 - - 96 

49 Labuan 2 3.7 ± 0.2 261 ±  3 2.2 ± 0.2 150 ±  2  - - - - 83 

50 Bintulu 5.9 ± 0.5 314 ±  4 2.3 ± 0.5 160 ±  6  - - - - 193 
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51 Sejingkat 5.6 ± 0.6 313 ±  6 2.3 ± 0.6 158 ±  7  2.8 ± 0.4  40 ±  7 1.1 ± 0.3  34 ±  9 422 

52 Nan Sha 5.8 ± 0.8 228 ±  8 1.7 ± 0.8  76 ± 14  - - - - 1 

53 Xi Sha 7.0 ± 0.7 200 ±  6 1.1 ± 0.7  94 ± 18  - - - - 10 
aThe standard error (95% confidence level) of amplitude and phase are presented. Only values for statistically significant harmonics and amplitude 

more than 1 cm are shown.  
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Table 6.3. Temporal variability of seasonal harmonicsa
 

   Annual    Semi-annual 

 
 

Aa (cm) 
Pa 

(days)  
Aa (cm) 

Pa 

(days) 

No Station Name Max Range Range  Max Range Range 

1 Ko Taphao Noi 14.9 9.4 59  8.9 4.8 31 

2 Pulau Langkawi 12.3 6.0 29  7.4 3.1 11 

3 Pulau Pinang 11.2 5.7 31  8.1 4.1 14 

4 Lumut 9.6 5.2 47  8.1 2.7 14 

5 Pelabuhan Kelang 8.5 4.9 53  8.0 3.4 9 

6 Tanjung Keling 5.9 2.8 60  6.4 3.0 13 

7 Kukup 6.2 2.5 35  5.7 2.5 11 

8 Tanjong Pagar 13.7 2.0 14  3.9 1.9 20 

9 Tanjung Sedili 18.7 3.1 6  3.8 1.9 22 

10 Pulau Tioman 17.9 2.3 5  3.9 2.3 20 

11 Tanjung Gelang 19.7 2.1 7  4.1 2.2 19 

12 Cendering 20.6 1.9 5  4.7 2.6 13 

13 Geting 24.2 3.0 7  7.6 4.4 16 

14 Ko Mattaphon 25.4 3.9 12  5.1 2.4 15 

15 Ko Lak 23.8 5.0 10  5.3 3.1 32 

16 Pom Phrachun 17.8 5.7 20  4.2 2.3 22 

17 Ko Sichang 19.6 5.7 22  5.1 3.3 49 

18 Vungtau 21.5 2.2 9  7.2 2.5 13 

19 Quinhon 16.7 6.3 60  7.9 3.0 21 

20 Danang 20.0 3.4 15  10.9 4.9 23 

22 Hondau 13.2 4.6 22  6.9 3.8 19 

23 Dongfang 9.1 1.2 14  7.0 2.3 23 

24 Beihai 10.8 3.4 12  5.1 2.6 20 

25 Haikou 10.0 2.1 14  6.3 2.0 17 

26 Zhapo 13.5 4.6 28  9.1 4.1 14 

27 Macau 11.9 4.2 40  8.0 3.5 11 

28 Hong Kong 15.0 7.3 29  8.1 4.3 17 

29 Shanwei 11.9 3.8 19  6.8 2.6 15 

30 Xiamen 17.4 7.3 37  7.6 4.1 24 

31 Kaohsiung II 13.9 6.1 17  3.9 1.6 33 

32 Keelung II 17.6 3.1 15  3.5 2.1 36 

33 Ishigaki II 19.5 7.4 21  4.7 2.1 66 

34 Port Irene 21.9 4.8 15  4.2 2.0 36 

35 Manila 14.5 3.9 25  2.8 1.3 24 

36 San Jose 8.6 3.9 18  2.7 0.6 12 

37 Legaspi 8.2 3.9 44  1.8 0.5 33 

38 Tacloban 8.9 3.6 30  3.3 1.4 21 

39 Cebu 10.5 4.2 29  2.9 1.4 32 

40 Surigao 10.2 4.8 26  3.1 0.9 6 

41 Davao 7.6 2.4 39  4.2 2.2 47 

42 Jolo, Sulu 5.8 3.8 59  2.9 1.3 38 

43 Puerto Princesa,  6.8 4.0 34  2.9 0.7 12 
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44 Tawau - - -  2.5 0.7 6 

45 Lahat Datu 4.5 2.5 63  2.5 0.4 9 

46 Sandakan 7.6 3.6 26  2.4 0.6 5 

47 Kudat 9.6 3.3 17  4.0 1.5 8 

48 Kota Kinabalu 8.8 2.0 28  4.4 1.6 19 

49 Labuan 2 9.0 2.6 27  4.0 1.4 11 

50 Bintulu 9.1 1.9 16  3.4 1.7 17 

51 Sejingkat 12.0 5.6 11  2.4 1.0 27 

52 Nan Sha 8.7 3.1 24  5.0 2.5 24 

53 Xi Sha 11.0 3.0 25  2.5 0.6 41 
aRange is the difference between the maximum and minimum significant of seasonal harmonics amplitude 

and phase from observed tide gauge estimated from 5-year windows. 
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Table 6.4. Seasonal sea level cycle from combination of annual and semi-annuala
 

  Maximum Sea Level Minimum Sea Level   

No Station Name Level (cm) Month Level (cm) Month  
Max Range 

(cm) 

1 Ko Taphao Noi 9.3 ± 3.0 6 -14.0 ± 3.3 2  23.3 

2 Pulau Langkawi 8.4 ± 1.6 5 -14.5 ± 2.4 2  22.9 

3 Pulau Pinang 7.8 ± 1.5 5 -13.2 ± 2.3 2  20.9 

4 Lumut 8.6 ± 3.3 11 -12.4 ± 2.2 2  21.0 

5 Pelabuhan Kelang 7.8 ± 4.0 11 -12.0 ± 2.5 2  19.8 

6 Tanjung Keling 9.0 ± 3.6 11 -7.8 ± 2.0 2  16.8 

7 Kukup 10.0 ± 3.0 11 -5.7 ± 1.8 3  15.7 

8 Tanjong Pagar 15.9 ± 2.5 12 -11.6 ± 1.6 7  27.5 

9 Tanjung Sedili 21.5 ± 2.5 12 -16.0 ± 1.2 7  37.4 

10 Pulau Tioman 19.4 ± 2.3 12 -16.2 ± 1.1 7  35.6 

11 Tanjung Gelang 21.2 ± 2.1 12 -18.1 ± 1.1 7  39.3 

12 Cendering 22.4 ± 2.1 12 -18.6 ± 0.7 6  41.0 

13 Geting 29.1 ± 3.0 12 -20.2 ± 0.8 6  49.3 

14 Ko Mattaphon 24.7 ± 3.0 12 -21.2 ± 3.5 6  46.0 

15 Ko Lak 20.1 ± 1.3 12 -21.0 ± 1.1 6  41.0 

16 Pom Phrachun 12.7 ± 1.7 11 -15.6 ± 1.5 7  28.3 

17 Ko Sichang 14.5 ± 1.5 12 -18.5 ± 1.4 6  32.9 

18 Vungtau 22.5 ± 2.3 11 -21.1 ± 1.7 7  43.6 

19 Quinhon 18.8 ± 2.9 11 -13.3 ± 2.1 7  32.1 

20 Danang 24.6 ± 3.1 11 -14.9 ± 2.0 7  39.4 

21 Honngu 20.7 ± 4.5 10 -9.8 ± 3.1 6  30.6 

22 Hondau 18.4 ± 1.8 10 -9.4 ± 1.6 3  27.7 

23 Dongfang 17.5 ± 2.5 10 -7.4 ± 1.4 7  24.9 

24 Beihai 13.4 ± 2.4 10 -11.1 ± 2.0 2  24.5 

25 Haikou 17.6 ± 2.6 10 -7.0 ± 1.6 2  24.5 

26 Zhapo 21.3 ± 2.0 10 -10.4 ± 1.7 7  31.7 

27 Macau 19.1 ± 3.4 10 -7.3 ± 2.3 4  26.4 

28 Hong Kong 19.8 ± 2.3 10 -8.9 ± 1.7 7  28.7 

29 Shanwei 18.9 ± 3.2 10 -9.3 ± 2.3 7  28.2 

30 Xiamen 20.7 ± 2.6 10 -11.3 ± 1.3 4  32.0 

31 Kaohsiung II 11.8 ± 2.3 8 -12.3 ± 2.5 1  24.0 

32 Keelung II 18.3 ± 1.7 8 -14.5 ± 1.4 1  32.8 

33 Ishigaki II 16.6 ± 2.0 8 -14.6 ± 1.7 1  31.2 

34 Port Irene 20.3 ± 2.5 8 -18.5 ± 2.7 2  38.8 

35 Manila 13.4 ± 1.3 8 -12.3 ± 1.4 2  25.7 

36 San Jose 6.9 ± 2.5 8 -8.1 ± 3.2 2  14.9 

37 Legaspi 5.5 ± 1.3 7 -7.4 ± 1.8 1  13.0 

38 Tacloban 7.0 ± 2.1 8 -8.7 ± 3.6 1  15.6 

39 Cebu 6.9 ± 1.4 8 -9.1 ± 1.8 1  16.1 

40 Surigao 7.0 ± 2.9 9 -7.4 ± 5.0 1  14.4 

41 Davao 5.4 ± 2.3 9 -8.6 ± 1.9 1  14.1 

42 Jolo, Sulu 3.3 ± 1.6 10 -5.2 ± 1.8 1  8.5 

43 Puerto Princesa,  5.6 ± 3.0 10 -4.9 ± 2.6 4  10.5 
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44 Tawau 2.2 ± 2.4 4 -2.4 ± 2.5 1  4.6 

45 Lahat Datu 3.3 ± 3.2 10 -3.6 ± 3.6 2  7.0 

46 Sandakan 7.1 ± 3.3 12 -5.4 ± 2.7 4  12.5 

47 Kudat 10.1 ± 3.5 11 -9.4 ± 3.6 3  19.5 

48 Kota Kinabalu 11.2 ± 2.5 11 -8.9 ± 2.1 3  20.1 

49 Labuan 2 10.9 ± 2.8 11 -7.6 ± 3.1 3  18.4 

50 Bintulu 11.7 ± 3.5 12 -7.1 ± 1.3 6  18.8 

51 Sejingkat 11.4 ± 4.0 12 -8.2 ± 1.1 6  19.6 

52 Nan Sha 10.2 ± 3.2 9 -8.2 ± 3.2 1  18.4 

53 Xi Sha 10.2 ± 3.0 7 -9.5 ± 2.1 2  19.8 
a The standard error (95% confidence) of maximum and minimum sea level are presented. Max range is 

the difference between average maximum and minimum of observed tide gauge for the period 1950-

2012.  
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Figure 6.1. Map of the study area showing the location of the tide gauge records. Sites are numbered as in list on the right. The red colour indicates the low 

elevation coastal zone (i.e. the land that lies between 0-10 m above mean sea level) and the green lines shows the 200 m depth contour. 
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 1 

Figure 6.2. Seasonal harmonics of the altimetry data (1993-2012). Amplitude (cm) and phase (days) of annual (top) and semi-annual (bottom) sea level cycle. 

Grey asterisks indicate locations where the annual amplitude is statistically insignificant (95% confidence). 



Chapter 6 

147 

 

 2 

 3 

 4 

Figure 6.3. The percentages of variances (a) and variance (b) accounted for by the seasonal cycle from the altimetry data (1993-2012). Grey asterisks 

indicate locations where the annual amplitude is statistically insignificant (95% confidence). 
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 5 
Figure 6.4. Comparison of seasonal harmonics from IB corrected tide gauge records (black) and coastal altimetry (red) for the period 1993-2012. Vertical bar 

represent the standard error (95% confidence). Amplitudes are shown in (a), while (b) contains the corresponding phases. 
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  6 Figure 6.5. Comparison of annual harmonic of the IB corrected tide gauge records (black), steric height (red), residual (corrected for IB effect and steric 

height) (blue) and barotropic model (green) for the period 1950-2012. Vertical bar represent the standard error (95% confidence). Amplitudes are shown in 

(a), while (b) contains the corresponding phases. 
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Figure 6.5 (continued). As in Fig. 6.5a and 6.5b, but for the semi-annual harmonic. Amplitudes are shown in (c), while (d) contains the corresponding phases. 

 7 
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Figure 6.6. Seasonal harmonics of steric height for the period 1993-2012. Amplitude (cm) and phase (days) of annual (top) and semi-annual (bottom) cycle. 

Grey asterisks indicate locations where the annual amplitude is statistically insignificant (95% confidence). 
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Figure 6.7. The percentages of variances accounted for by the seasonal cycle from residual 

(altimetry minus steric) for the period 1993-2012. Grey asterisks indicate locations where the 

annual amplitude of residual is statistically insignificant (95% confidence). 
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Figure 6.8. Comparison of the seasonal variation of the sea surface height (a to d), steric height (e to h) and residual (i to l). The arrows indicate the 

variation of wind direction. 
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Figure 6.9. The temporal variability of annual harmonic from observed tide gauge records (blue) and from the regression model (red). Vertical 

bar represent the standard error (95% confidence). 
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Figure 6.10. Comparison of the mean of the observed tide gauge records, steric height and barotropic model over a year for the period 1950-2012. Green 

dash line represents one standard deviation of observed tide gauge. (a) Pulau Pinang in the Malacca Strait, (b) Cendering and (c) Vungtau in the south-

western SCS, and (d) Port Irene in the Philippine Sea. 
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 Changes in Extreme Sea Levels 

7.1 Introduction  

Most previous studies that have examined changes in sea level in the SCS (and worldwide) 

have tended to focus on analysing variations in MSL as opposed to extreme sea level 

(ESL) (Woodworth and Blackman, 2004). However, it is ESLs that directly impact people 

at the coast, particularly in low-lying regions (Lowe et al., 2010). Coastal engineers, 

managers and planners require information on ESL’s for making well-informed decisions 

regarding coastal infrastructure design and protection. While the gradual century scale rise 

in MSL will modify the coastal environment, influencing morphology and habitats, the 

effect of ESL is immediate and dangerous. Coastal flooding may result in considerable loss 

of life, millions of pounds of damage to coastal infrastructure and drastic changes to the 

coastal environment (Haigh et al., 2015). Changes in MSL and ESL are not independent, as 

rising MSL rise will affect the frequency and magnitude of ESLs by raising the baseline 

upon which ESLs occur (Church et al., 2006; Menéndez and Woodworth, 2010; Mawdsley 

and Haigh, 2016).  

A summary of the few past studies that have examined ESLs in the SCS has been 

presented in Section 2.5.4. Previous regional assessments of ESL have mainly focused on 

the northern SCS (e.g. Feng and Tsimplis, 2014; Feng et al., 2015a). To date there has been 

no published literature about regional ESLs in the Malacca Strait. The temporal variability 

of ESLs in the southern SCS and its connection with the regional climate variability 

associated with ENSO, the IOD and the monsoon has not yet been assessed. Furthermore, 

little is known about the characteristics of seasonal variations in ESL in the SCS.  

The overall aim of this chapter is to assess the spatial and temporal characteristic of ESLs 

in the SCS and their connection with regional climate variability. There are three specific 

objectives. The first objective is to assess spatial characteristics of the maximum values of 
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ESL and their seasonal variations. The second objective is to examine the spatial variation 

in return periods of ESLs. The third objective is to determine the inter-annual and longer-

term temporal variability of ESL and its relationship with regional climate indices.  

7.2 Methods 

The study of ESL in this chapter will be based only on tide gauge records since the 

temporal sampling of satellite altimetry (~10 days) is not adequate for this purpose. Hourly 

data from 34 tide gauges, having records longer than 12 years were used. As the station 

datum (reference level or benchmark) might be different between each country, the 

observed sea level record at each site has been referenced to their average sea level record 

over the whole observational period. Then, the observed sea level records have been 

divided into their three main components: MSL, tides and the NTR. The MSL component 

has been estimated on a yearly averaged basis and removed from the observed records. The 

tidal component can be represented by a finite number, N, of harmonic constituents 

(without nodal corrections) as follows: 

𝑇𝑖𝑑𝑒(𝑡) = ∑ 𝐻𝑘 cos(𝜎𝑘𝑡 −  𝑔𝑘)𝑁
𝑘=1  Eq. 7.1 

Where: 𝐻𝑘  is the amplitude, 𝜎𝑘 is the angular speed and 𝑔𝑘 is the phase lag of the 

constituent k. The tidal component has been estimated on the basis of harmonic analysis 

using the T_TIDE software package (Pawlowicz et al., 2002). The tidal signal considered 

65 tidal constituents calculated over each calendar year containing at least 75% of valid 

data. Note that the tidal analysis excluded the annual and semi-annual components as these 

are primarily associated with meteorological factors. The mean spring tidal range was also 

estimated from the average differences of monthly maximum and minimum level of spring 

tides. The tidal components were then removed from the observed sea level at each tide 

gauge station, thus producing the NTR. As a result, unless indicated, the NTR hereinafter 

also contains the contribution of the mean seasonal cycle. 
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Maximum ESL and NTR values were compared at each site. The seasonal variations in sea 

level extremes in the SCS have been assessed by separating the NTR into four seasons 

namely the Northeast Monsoon (Dec-Feb), the first Inter-monsoon (March-May), the 

Southwest Monsoon (Jun-Aug) and the second Inter-monsoon (Sep-Nov). To assess the 

relative contribution of the mean seasonal cycle to the ESL, the difference between the 

NTR with and without the annual and semi-annual component have been estimated at all 

stations. 

There are several direct and indirect methods for estimating probabilities of ESL, which 

each have their own advantages and limitations (see Haigh et al., 2010b for a methods 

review). In this study, the direct peak over threshold (POT) method is used. The POT 

method is generally assumed to be more effective than the other direct methods (block 

maxima and the r-largest events) as the selection of extreme values depends on the suitable 

high threshold rather than on the same restricted number of extreme values per year (Arns 

et al., 2013). Thus, the missing of real extreme events in the chosen extreme records can be 

minimized. 

The POT method with the Generalized Pareto Distribution (GPD) has been used to 

calculate the probability of occurrence of ESL. The extreme values that exceeded the 

threshold were fitted to the GPD with cumulative distribution function following Coles 

(2001): 

𝐺𝑃𝐷(𝑦) = 1 − (1 +
𝜉𝑦

𝜃
)

−1
𝜉⁄
 , with 𝜃 =  𝜎 +  𝜉(𝑢 − 𝜇) Eq. 7.2 

Where 𝜉 is a shape parameter, 𝜎 is a scale parameter, 𝜇 is a location parameter, 𝑢 is the 

threshold and 𝑦 is the number of exceeded independent extreme values over the threshold. 

The shape and scale parameters were quantified by the maximum likelihood approach as 

recommended by Coles (2001) and listed in Table E1. 
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To ensure the probabilities of extreme events are independent from the long term MSL 

change, for this analysis only, the MSL trend, (based on a linear fit over the annual MSL) 

was removed from the observed sea level records at each site before computing the daily 

maxima. As the interannual and decadal variations in MSL might affect the extremes (e.g. 

Bruno et al., 2014; Marcos et al., 2015), these components were retained in the time series 

of daily maxima. 

Ideally, the selected threshold must include a sufficient number of real extreme events in 

order to properly assessing the tail distribution of sea level. The sensitivity of threshold 

selection was performed with 99th, 99.3th, 99.5th and 99.7th percentiles. Based on the 

stability of GPD parameters, in particular the shape (𝜉), the threshold has been set at the 

99.3th percentile of the available record at each station. Feng and Tsimplis (2014) found 

that the tropical cyclone affected sea level records in the large part of the western Pacific 

on average for about 80 h per event. Here, a period of 96 hours has been selected between 

successive events to ensure independence between events. This results in an average of 

about two extreme events per year for the majority of stations.  

The return period is an estimate of the average time in years between extreme events of a 

particular level being surpassed at a specific location. The N year return level (R) of 

extreme event was defined as: 

𝑅 =  𝑢 +
𝜎

𝜉
(𝑁𝜉 − 1) Eq. 7.3 

The uncertainty associated with the estimate return levels has been calculated at 95% 

confidence interval using the delta method proposed by Coles (2001). 

A percentiles analysis has been used to assess the inter-annual variability and long-term 

trends in the extreme values. Annual percentiles were computed from the observed sea 

level and the NTR at the 26 stations containing over 19 years of available data. This data 
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length was selected due to the length of a 18.61 year nodal cycle in extremes in diurnal 

regions (Haigh et al., 2011). This was done by ranking the observed sea level and the NTR 

data in ascending order and determining the value that corresponded to the specific 

percentiles level. Changes in ESL were evaluated by the variation in the 99th and 99.9th 

percentiles. The 50th percentile was also computed to represent annual MSL. The inter-

annual variability of extremes was correlated with three climate indices (MEI, DMI and 

WNPMI). Trends were calculated using linear regression. The statistical significance of the 

linear trends and the correlation coefficient were evaluated at the 95% confidence interval.  

7.3 Results 

7.3.1 Spatial Distribution of Extreme Sea Level 

The first objective was to assess the spatial characteristics of the maximum values of ESL 

and their seasonal variations. The maximum observed sea level over the whole period of 

records available at each site, ranges between 1.1 m at Jolo (Site 42) in the Philippines Sea 

and 4.0 m at Xiamen (Site 30) in the northern SCS (Fig. 7.1a). The largest range of 

maximum values is observed in the northern SCS and is between 1.6 m and 4 m. In the 

Malacca Strait maximum sea levels vary between 1.6 m and 2.9 m. There is a smaller 

range in the Philippines Sea of between 1.1 m and 1.6 m.  

The maximum observed sea level values are made up of combined MSL, tidal and NTR 

components. After subtracting annual MSL from the records at each site, the maximum 

values are mainly associated with the contribution from tides, the meteorological surge and 

the seasonal cycle (Fig. 7.1b). The largest differences after removing annual MSL is the 

decrease of about 6 cm at Ko Taphao Noi (Site 1) in the Malacca Strait.  

Mean spring tidal range was computed at each site, in order to assess the contribution of 

tides to ESLs. The mean spring tidal range exhibits large spatial differences (Fig.7.1c), 
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varying between 1.1 m at Kaohsiung (Site 31) in the northern Philippines Sea to 5.8 m at 

Xiamen (Site 30) in the northern SCS. The mean spring tidal range at Xiamen is 

particularly large compared to the nearby stations in the northern SCS (< 4.4 m). This 

situation is similar in the Malacca Strait where the mean spring tidal range at P. Klang 

(Site 5) is significantly higher (5 m) compared to the neighbouring sites, which are less 

than 3.4 m.  

After removing the tidal component, the NTR component remains. The NTR maximum 

ranges between 0.3 m at Davao (Site 41) in the Philippines Sea and 1.9 m at Haikou (Site 

25) in the northern SCS (Fig.7.1d). The larger NTR values (> 1 m) observed in the 

northern SCS are related to the impact of tropical cyclones. The maximum NTR at Haikou 

resulted from Typhoon Joe on 22 July 1980. This typhoon occurred during high neap tide, 

and thus the impact was lessened compared to if it had happened during high spring tide. 

In the Philippines Sea, the effect of Typhoon Haiyan, one of the strongest typhoon ever 

recorded in history (Lagmay et al., 2015) was observed at Cebu (Site 39) (about 124 km 

from the nearby storm track) with a maximum NTR value of about 0.4 m. The impact of 

this extreme event was reduced at Cebu as it happened during a period of low spring tides. 

The other regions, apart from the northern SCS, show maximum NTR values less than 1.1 

m. Smaller values of maximum NTR were observed in the Sulu Sea and Celebes Sea of 

between 0.3 m and 0.5 m. In the Malacca Strait, it is interesting to note that while the 

observed extremes show large variation (differences up to 1.3 m), the maximum NTR 

values show close agreement between 0.4 m and 0.5 m, indicating the sizable contribution 

of tides to the ESL in this region. 

To explore the seasonal variations in ESLs, the maximum ESLs and NTRs have been 

considered for four seasons, namely: the Northeast Monsoon (Dec-Feb); the first Inter-

monsoon (Mar-May); the Southwest Monsoon (Jun-Aug); and the second Inter-monsoon 
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(Sep-Nov). The maximum values of ESLs and NTRs for each of the four seasons are 

shown in Fig. 7.2. In the Malacca Strait, the seasonal maximum of ESLs is found during 

the second Inter-monsoon (Site 3-7), except for the northern sites (P. Langkawi and Ko 

Taphao Noi) (Fig. 7.2a). In the southwestern SCS and the Gulf of Thailand, the seasonal 

ESL maximum occurs during the Northeast Monsoon at all sites (Site 8-14) indicating 

similarity with the peak of annual phase in the mean SSLC (as described in Section 6.2.5). 

The seasonal maximum in the western SCS, the northern SCS and the northern Philippines 

Sea (available Site 23-33) occurs between the Southwest Monsoon and the second Inter-

monsoon, which is the active tropical cyclone period in this region. In the southeastern 

basin (Site 48-50), the seasonal maximum ESL occurs between the Northeast Monsoon 

and the second Inter-monsoon. There are little differences between seasonal maximum 

each season in the Philippines Sea, the Celebes Sea and the Sulu Sea (available Site 37-

44).  

For the NTR, the seasonal maximum generally occurs in a similar season compared to the 

ESLs (Fig. 7.2b). However, the differences in maximum values among each season are 

larger for each site, especially in the southwestern SCS and the northern SCS areas. After 

removing the mean seasonal component (annual and semi-annual) in the NTR, the 

differences of the seasonal maximum values were reduced, except in the northern SCS, 

where the extremes are due to tropical cyclones (Fig. 7.2c).  

The contribution of mean seasonal cycle to sea level extremes was inferred based on the 

differences of the maximum NTR values, with and without the mean seasonal component. 

The largest reduction is 0.3 m during the Northeast Monsoon, whereas the highest increase 

is 0.2 m during the Southwest Monsoon, both observed at Geting (Site 13) (Fig. 7.2d). 

These both large differences were observed in the southwestern SCS indicating greater 

influence of mean seasonal cycle signal in ESL compared to the other regions. 
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7.3.2 Sea Level Return Periods 

The second objective was to examine the spatial variation in return periods of ESLs and 

NTRs across the SCS. The 50-and 100 year return levels for ELSs and the NTR are listed 

in Table 7.1 for each site, estimated using the 99.3th percentile threshold. The 50-year ESL 

return levels range between 1.1 m at Jolo (Site 42) in the Philippines Sea and 3.8 m at 

Xiamen (Site 30) in the northern SCS, shown in Fig. 7.3a and Fig. 7.3b respectively. The 

100-year ESL return levels, vary between 1.1 m and 3.9 m at the same sites. For the NTR, 

the 50-year return levels range between 0.3 m at Davao (Site 41) in the Philippines Sea and 

2.0 m at Haikou (Site 25) in the northern SCS, shown in Fig. 7.3c and Fig. 7.3d 

respectively. The 100-year NTR return levels range between 0.3 m and 2.4 m at the same 

sites. 

The uncertainty associated with the ESL return levels at Haikou is large (>1 m), and also 

high at Haikou and Keelung (Site 32) for the NTR return levels. Surprisingly, the NTR 

return levels at Keelung are larger than observed ESL. Quantile plots (Coles, 2001) were 

used to evaluate the reliability of the estimated return levels. The plots show deficiency of 

the assumed probability distribution at these two stations and thus resulting low confidence 

of the model prediction (Fig. E1). 

As part of a sensitivity analysis, the 50 and 100 year return levels at each stations were also 

estimated using 99th, 99.5th and 99.7th percentiles thresholds (results are not shown). 

Excluding the questionable return levels at Haikou and Keelung, the largest differences of 

the ESL return levels between these thresholds and the 99.3th percentile occurs at Zhapo 

(Site 26) in the northern SCS. The 50- and 100-year return levels estimated using the 99.7th 

percentile threshold are 18 cm and 38 cm respectively, which are larger than the values 

estimated using the 99.3th percentile. For the NTR return levels, the biggest difference is at 

Ishigaki (Site 33), where the 50 and 100 year return levels estimated using the 99th 
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percentile are 79 cm and 141 cm respectively, higher than the values estimated using the 

99.3th percentile. 

7.3.3 Temporal Variability of Extreme Sea Level 

The third objective was to determine the inter-annual and longer-term temporal variability 

of ESLs and the relation with regional climate indices. Here the focus is on the 26 tide 

gauge sites with available records longer than 20 years. The 50th, 99th and 99.9th percentiles 

for each year have been estimated for all sites. The 50th percentile is related to MSL. 

Figures 7.4 and 7.5 shows examples of percentile time-series for the ESL and the NTR 

respectively at selected sites around the SCS. P. Klang (Site 5) and P. Langkawi (Site 2) 

are representative of the Malacca Straits. T. Gelang (Site 11) and Geting (Site 13) are 

representative of the southwestern SCS. Hong Kong (Site 28) and Shanwei (Site 29) of the 

northern SCS. Ishigaki (Site 33) and Legaspi (Site 37) are representative of the Philippines 

Sea. Each of the time-series shows considerable inter-annual variability.  

Trends in each of the three (i.e. 50th 99th and 99.9th) percentile time-series at each site, have 

been estimated using linear regression and the trend estimates are listed in Table 7.2. 

Values that are statistically significant (at 95% confidence) are highlighted in bold. 

Positive significant trends in the 99th and 99.9th ESL percentile are evident at 19 and 17 

sites, respectively. The largest trend in the 99th and the 99.9th percentiles are 9.8 ± 3.8 

mm/yr and 9.5 ± 6.0 mm/yr respectively, both observed at Haikou (Site 25) in the northern 

SCS. Note that the large variation in trends among each sites, is partly due to the 

differences in lengths of the available records.  

The tide gauge records for the sites in the Malacca Strait and the southwestern SCS cover 

the common period 1984-2014, which enables a direct comparison of trends among sites. 

In the Malacca Strait, the trends of all considered percentiles are mostly significant and 

generally in agreement (within the range of uncertainty), except for the insignificant trend 
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in the 99.9th percentile at Pulau Pinang. The significant positive trends vary between 2.0 ± 

1.8 mm/yr in the 99th percentile at T. Keling (Site 6) and 6.4 ± 4.5 mm/yr in the 99.9th 

percentile at P. Kelang (Site 5). In the southwestern SCS, a significant trend in the 99th 

percentile is only observed at T. Pagar (Site 8) (3.1 ± 2.8 mm/yr) and Geting (3.9 ± 2.1 

mm/yr). For the 99.9th percentile, the trend is significant at three stations and varies 

between 3.9 ± 3.8 mm/yr at Pulau Tioman (Site 10) and 4.5 ± 3.2 mm/yr at T. Gelang (Site 

11). Another significant trend is observed at Geting with a value of 4.4 ± 4.1 mm/yr. 

After subtracting the 50th percentile from the ESL percentiles, insignificant trends are 

observed at most sites. This suggests that trends observed in ESLs at the majority of 

stations in the SCS are due to the rise observed in MSL. Significant trends remain at four 

stations (P.Kelang (Site 5), Zhapo (Site 26), Xiamen (Site 30) and Bintulu (Site 50)) and 

three stations (Kukup (Site 7), Zhapo, Xiamen) for the 99th and 99.9th percentiles, 

respectively. 

For the NTR, the trends in the higher percentiles are insignificant at most sites except at 

Geting (Fig. 7.5b), Shanwei (Fig. 7.5c) and Legaspi (Fig. 7.5d) in the 99th percentile, and 

P. Langkawi (Fig. 7.5a), Geting and Legaspi in the 99.9th percentile. Note that all these 

trends are negative. When the median is removed from the extreme percentiles, the 

significant negative trend remains at Geting, Shanwei and Legaspi (for the 99.9th 

percentile). 

After removal of the 50th percentile, which represented MSL, any remaining significant 

trends in ESL are related to changes in tides or surges. For the NTR, changes in surges are 

a dominant contributor to the significant trends. However, note that this is not the case for 

the significant trend in the 99th percentile at P. Kelang and the 99.9th percentile at Geting. 

After omitting the lowest and highest extreme values at the beginning of records at P. 
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Kelang (Fig. 7.4b) and Geting (Fig. 7.5b) respectively, the computed trends are not 

significant.  

To assess the link between inter-annual variations in ESLs and regional climate variability, 

the extreme percentile time-series at each sites were correlated with three climate indices, 

namely: the DMI; the MEI; and the WNPMI. No significant correlation was found between 

any of the percentiles with the DMI. The MEI was significantly anti-correlated (correlation 

coefficients between -0.4 and -0.5) with the 99th and 99.9th ESL percentiles at ten (Fig. 

7.6a) and seven sites, respectively, mostly located in the Malacca Strait. For the WNPMI, 

significant correlations (between 0.4 and 0.7) were found with the 99th and 99.9th ESL 

percentiles at eight (Fig. 7.6b) and seven sites respectively also mainly located in the 

Malacca Strait, with the WNPMI leading by one year at all sites. After subtracting the 50th 

percentiles for the extreme percentiles, no significant correlation was observed at most 

sites with the MEI (except at Bintulu) and the WNPMI (except at Keelung). 

The MEI is significantly correlated with the extreme NTR percentiles at only two sites 

(Hong Kong and Legaspi), indicating that inter-annual variations in meteorological surge 

in the SCS are not closely related to this climate index. Surprisingly, the WNPMI is 

significantly correlated with the NTR percentiles at more sites than the MEI, not 

considering any lead or lag shift. The WNPMI is significantly anti-correlated (between -0.4 

and -0.6) with the 99th and 99.9th NTR percentiles at nine sites (Fig. 7.7a). Most of the 

stations are located in the Malacca Strait (except Pulau Langkawi) and two sites (Tawau 

and Kota Kinabalu) in the southeastern SCS.  

7.4 Discussion 

Seasonal variations in ESL in the SCS indicate significant spatial variability that can be 

primarily attributed to the monsoon. The southwestern SCS exhibits the most interesting 

region due to the higher contribution of the mean seasonal cycle and the large differences 
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of maximum NTR between the Northeast Monsoon and the Southwest Monsoon periods. 

These seasonal characteristics can be due to the forcing of monsoonal wind as discussed in 

Section 6.3.3. In the Malacca Strait, the seasonal maximum during the first and second 

Inter-monsoon in the northern and southern areas respectively, can be partly associated 

with the contribution of the steric effect as discussed in Section 6.3.5. 

Tropical cyclone events mainly affected ESLs in the northern SCS and the Philippines Sea. 

The questionable estimated return levels at Haikou and Keelung, and higher sensitivity to 

different thresholds to estimate the return levels at Zhapo and Ishigaki (as shown in Section 

7.3.2) could be due to the effect of tropical cyclone-induced surges. This is consistent with 

the finding from Feng and Tsimplis (2014). Using the r-largest extreme value analysis 

approach, they also found the large discrepancy of return levels at Haikou. Although the fit 

of models are generally acceptable for the other sites in these two regions, the shortness of 

available data (< 23 years) for most stations means that tropical cyclone-induced surge are 

missing. This produces low confidence in the estimated return levels at these regions.  

Understanding trends in ESLs is complicated. For instance, if the highest or lowest 

extreme values occur near to the start or end of the available record, it may bias the 

estimated trend of the percentile (Tsimplis and Shaw, 2010). This is the case for the trend 

of the 99th and 99.9th percentiles at P. Kelang and Geting respectively as discussed in 

Section 7.3.3. In addition, the trends and associated uncertainties of short records in 

particular, might be affected by inter-annual variability and introduced temporal auto-

correlation (Mawdsley and Haigh, 2016). For the NTR component, apart from 

meteorological surge, it may also include timing errors in harmonic prediction (Horsburgh 

and Wilson, 2007). These two factors might mask the significance of the computed trends. 

At most sites an increase in ESL is evidence for the period of the available records. 

However, at most sites, this increase is primarily driven by MSL, in agreement with 
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regional (e.g. Torres and Tsimplis, 2014; Weisse et al., 2014; Feng and Tsimplis, 2014) 

and global studies (Menéndez and Woodworth, 2010; Mawdsley and Haigh, 2016). After 

removal of MSL, significant trends in ESL remained at Zhapo, Xiamen, Bintulu (99th 

percentile) and Kukup (99.9th percentile). Feng et al. (2015) assessed changes in tides and 

found that significant trend at Xiamen is associated with the changes in the amplitude of 

the M2 tidal constituent of 9.8 ± 3.8 mm/yr. However, they did not find any significant 

changes in tidal constituents at Zhapo. Significant trends at Bintulu and Kukup might also 

can be due to the changes in tides and this should be explored in the future. 

In general, a continuous rise in MSL will lead to an increase in the frequency and 

magnitude of future ESL in the SCS. According to the IPCC Fifth Report Assessment, a 

0.5 m increase in MSL will cause a considerable rise in the frequency of ESLs by an order 

of magnitude or more in some regions (Church et al., 2013). The larger impacts of ESL 

will be concentrated on low-lying and populated regions in the SCS, including several 

coastal megacities such as Guangzhou, Hong Kong and Hanoi. In particular, these regions 

in the northern SCS and the Philippines will have frequent and greater risk of coastal 

flooding typically due to the tropical cyclone events compared to other regions in the SCS. 

The number of tropical cyclones entering the SCS are found to be connected to the ENSO 

with greater numbers during La Niña years compared to El Niño period (Goh and Chan, 

2010; Feng and Tsimplis, 2014). 

7.5 Conclusions 

The spatial and temporal variability of ESLs, and the NTR have been explored using 

hourly data from 34 tide gauge stations in the SCS. Maximum ESLs range between 1.1 m 

at Jolo and 4.0 m at Xiamen, over the period of tide gauge records available. The mean 

spring tidal range varies between 1.1 m at Kaohsiung and 5.8 m at Xiamen. After removing 

the contribution of annual MSL and tides, the differences between each nearby site was 
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reduced, especially in the Malacca Strait. The maximum NTR ranges between 0.2 m at 

Davao and 1.9 m at Haikou, over the period of tide gauge record available, indicating the 

dominant contribution of tides to the ESL. Higher maximum values of ESLs and the NTR 

are observed in the northern SCS due to the effect of tropical cyclones. There is a large 

spatial variation in maximum values of ESLs across the SCS for the four main seasons. For 

instance, the seasonal maximum in the northern SCS happens during the Southwest 

Monsoon and the second Inter-monsoon, whereas for the southwestern SCS, it occurs 

during the Northeast Monsoon. This is the period of higher risk to the occurrence of coastal 

flooding for potentially vulnerable sites, particularly with the combination of maximum 

mean SSLC (Section 6.3.5), high spring tide, storm surge and heavy rainfall. A higher 

contribution of the seasonal cycle to the ESL is found in the southwestern SCS, between 

0.2 m and 0.3 m, compared to other regions. This result demonstrates the importance and 

need to identify changes of ESL on a seasonal time-scale in future studies. 

Using the POT method, the estimated 100-year ESL return levels range between 1.1 m at 

Jolo and 3.9 m at Xiamen. For the NTR, the 100-year return levels range between 0.3 m at 

Davao and 2.3 m at Haikou. Future studies should explore the alternative approaches to 

estimate return levels such as the revised joint probability method or skew surge approach. 

However, due to the limited period of available data, under-sampling of the impact of 

tropical cyclones in the northern SCS and the Philippines Sea leads to questionable return 

levels at several sites in these regions (Section 7.3.2). The limitation of this temporal and 

spatial information can be overcome by modelling synthetic extreme events and produced 

multi-decadal water level hindcasts, as applied by Haigh et al. (2013a, 2013b) respectively 

in their study for Australia. This modelling approach should also be considered in the 

future study of ESL probabilities in the SCS particularly in the northern region and the 

Philippines Sea. 
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Significant positive trends where observed in ESL percentiles at 19 (99th percentile) and 17 

sites (99.9th percentile) with trends of up to 9.8 ± 3.8 mm/yr at Haikou. These significant 

trends were found to be mainly driven by changes in MSL, consistent with studies for other 

parts of the world. For the NTR, significant negative trends were found at Geting and 

Shanwei for the 99th percentile and Legaspi for the 99.9th percentile. These significant 

trends can be associated with changes in extreme events driven by meteorological surge 

and need to be investigated further. The inter-annual variability in ESL is found to be 

weakly correlated to ENSO and the monsoon, primarily in the Malacca Strait. 

Interestingly, this study found that the extreme percentiles of the NTR in the Malacca 

Strait are associated with the monsoon. Future studies should explore the mechanisms of 

the monsoon which influence the changes of extremes associated with the meteorological 

surge in the Malacca Strait. 

In conclusion, this study produced a map of spatial and seasonal patterns of ESL that will 

be useful in identifying vulnerable periods and coastal areas in the SCS that are exposed to 

the higher probability of ESLs. The estimated return period at each site provides a valuable 

parameter to be used for coastal planning and specifically in designing flood defence 

measures on the coast. Furthermore, the results, especially from the temporal variability 

aspect, will contribute as guidance in modelling future changes of ESL in the SCS. This 

information will provide a valuable insight to the relevant authorities in preparing 

sufficient mitigation to the risk of coastal flooding and habitat conservation.   
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Table 7.1. The 50-year and 100-year return levels for the observed sea level and the nontidal residuala
 

 
Station Name 

Return level for observed sea level  Return level for nontidal residual 

No 50 year (m) 100 year (m)  50 year (m) 100 year (m) 

1 Ko Taphao Noi 1.78 (0.09) 1.80 (0.11)  0.58 (0.17) 0.63 (0.24) 

2 Pulau Langkawi 1.93 (0.14) 1.98 (0.20)  0.44 (0.03) 0.44 (0.03) 

3 Pulau Pinang 1.57 (0.08) 1.60 (0.11)  0.56 (0.09) 0.60 (0.13) 

4 Lumut 1.74 (0.07) 1.77 (0.10)  0.46 (0.06) 0.48 (0.09) 

5 Pelabuhan Kelang 2.92 (0.11) 2.95 (0.14)  0.66 (0.13) 0.70 (0.18) 

6 Tanjung Keling 1.56 (0.08) 1.59 (0.11)  0.42 (0.03) 0.42 (0.03) 

7 Kukup 2.14 (0.06) 2.16 (0.08)  0.58 (0.07) 0.60 (0.08) 

8 Tanjong Pagar 1.97 (0.38) 2.11 (0.62)  0.73 (0.16) 0.78 (0.22) 

9 Tanjung Sedili 1.90 (0.36) 2.03 (0.55)  1.06 (0.34) 1.18 (0.50) 

10 Pulau Tioman 2.04 (0.14) 2.08 (0.19)  0.81 (0.19) 0.87 (0.26) 

11 Tanjung Gelang 2.13 (0.12) 2.17 (0.16)  0.83 (0.16) 0.89 (0.22) 

12 Cendering 1.88 (0.22) 1.95 (0.31)  0.83 (0.13) 0.87 (0.17) 

13 Geting 1.43 (0.21) 1.51 (0.30)  1.14 (0.32) 1.26 (0.47) 

15 Ko Lak 1.55 (0.10) 1.58 (0.12)  0.80 (0.10) 0.82 (0.12) 

23 Dongfang 1.92 (0.08) 1.94 (0.09)  1.18 (0.72) 1.43 (1.15) 

24 Beihai 3.20 (0.23) 3.28 (0.31)  1.40 (0.42) 1.50 (0.56) 

25 Haikou 2.28 (1.00) 2.69 (1.65)  1.96 (1.26) 2.44 (2.01) 

26 Zhapo 2.42 (0.40) 2.57 (0.61)  1.84 (0.86) 2.15 (1.28) 

28 Hong Kong 1.94 (0.19) 2.04 (0.26)  1.38 (0.28) 1.53 (0.39) 

29 Shanwei 1.60 (0.12) 1.63 (0.15)  1.12 (0.20) 1.17 (0.26) 

30 Xiamen 3.79 (0.14) 3.86 (0.18)  1.64 (0.30) 1.77 (0.42) 

31 Kaohsiung  1.10 (0.17) 1.17 (0.25)  0.59 (0.10) 0.62 (0.14) 

32 Keelung  1.34 (0.43) 1.52 (0.66)  1.55 (1.16) 2.01 (1.95) 

33 Ishigaki  1.49 (0.13) 1.55 (0.18)  1.01 (0.28) 1.11 (0.39) 

37 Legaspi 1.24 (0.13) 1.29 (0.19)  0.69 (0.48) 0.86 (0.79) 
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39 Cebu 1.45 (0.03) 1.46 (0.03)  0.39 (0.14) 0.42 (0.19) 

41a Davao 1.35 (0.02) 1.35 (0.02)  0.32 (0.09) 0.33 (0.12) 

41b Davao 2 1.32 (0.11) 1.34 (0.14)  0.30 (0.18) 0.34 (0.29) 

42 Jolo, Sulu 1.08 (0.03) 1.08 (0.03)  0.30 (0.15) 0.34 (0.21) 

43 Puerto Princesa 1.46 (0.12) 1.48 (0.16)  0.32 (0.04) 0.33 (0.05) 

44 Tawau 1.97 (0.03) 1.98 (0.04)  0.47 (0.17) 0.54 (0.26) 

46 Sandakan 1.72 (0.23) 1.79 (0.34)  0.37 (0.05) 0.38 (0.06) 

48 Kota Kinabalu 1.45 (0.25) 1.55 (0.38)  0.41 (0.03) 0.42 (0.04) 

50 Bintulu 1.33 (0.30) 1.42 (0.44)  0.73 (0.48) 0.87 (0.78) 
aThe standard error (95% confidence level) of return levels are also presented in bracket. 
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Table 7.2. Linear trends in observed sea level and the nontidal residual of sea level percentiles over available recordsa
 

 

Station Name 

Observed sea level trends (mm/yr)  Nontidal residual 

trends (mm/yr) 

No 50th 99th 99.9th 
99th-50th  99.9th-

50th 

 
99th 99.9th 

2 Pulau Langkawi 3.2 ± 1.7 2.6 ± 1.6 3.0 ± 2.3 -0.6 ± 1.0 -0.2 ± 1.9  -1.9 ± 1.9 -2.5 ± 2.4 

3 Pulau Pinang 3.5 ± 1.7 2.4 ± 1.5 2.1 ± 2.2 -1.1 ± 1.1 -1.4 ± 2.0  -1.6 ± 1.9 -1.6 ± 2.7 

4 Lumut 3.0 ± 1.6 2.5 ± 1.5 2.8 ± 2.4 -0.6 ± 1.1 -0.2 ± 2.3  -1.2 ± 2.0 -1.5 ± 2.4 

5 P. Kelang 2.6 ± 1.7 4.9 ± 1.9 6.4 ± 4.5 2.3 ± 1.8 3.8 ± 4.6  -1.0 ± 1.6 -0.9 ± 2.1 

6 Tanjung Keling 2.2 ± 1.8 2.0 ± 1.8 2.6 ± 2.5 -0.2 ± 1.3 0.4 ± 2.2  -0.7 ± 1.7 -1.1 ± 2.1 

7 Kukup 2.5 ± 1.9 4.2 ± 1.4 6.1 ± 2.0 1.6 ± 1.6 3.6 ± 2.3  -0.8 ± 1.7 -0.7 ± 2.4 

8 Tanjong Pagar 4.8 ± 2.5 3.1 ± 2.8 3.4 ± 4.0 -1.7 ± 2.1 -1.4 ± 3.7  0.6 ± 2.9 1.4 ± 4.9 

9 Tanjung Sedili 1.2 ± 2.2 0.9 ± 2.6 3.7 ± 4.1 -0.3 ± 1.7 2.5 ± 4.4  -0.5 ± 2.9 -1.1 ± 5.7 

10 Pulau Tioman 2.1 ± 1.6 1.8 ± 2.8 3.9 ± 3.8 -0.3 ± 2.1 1.8 ± 3.8  -0.8 ± 2.4 -2.3 ± 4.3 

11 Tanjung Gelang 1.8 ± 2.2 2.0 ± 2.9 4.5 ± 3.2 0.1 ± 1.6 2.7 ± 3.3  -0.1 ± 2.0 -1.1 ± 3.4 

12 Cendering 1.5 ± 2.0 1.9 ± 3.0 2.1 ± 4.1 0.4 ± 2.1 0.6 ± 4.0  0.0 ± 2.3 -0.8 ± 4.2 

13 Geting 2.3 ± 2.0 3.9 ± 2.1 4.4 ± 4.1 1.5 ± 2.3 2.1 ± 4.9  -3.9 ± 3.1 -7.1 ± 6.0 

23 Dongfang 0.8 ± 1.1 4.0 ± 4.8 4.1 ± 6.4 3.2 ± 5.1 3.3 ± 6.6  -0.9 ± 2.6 -1.2 ± 7.7 

24 Beihai 1.2 ± 1.3 8.1 ± 7.9 9.0 ± 9.3 6.9 ± 8.0 7.7 ± 9.4  -0.4 ± 2.2 0.8 ± 7.3 

25 Haikou 6.8 ± 1.5 9.8 ± 3.8 9.5 ± 6.0 3.0 ± 4.6 2.7 ± 6.9  -2.1 ± 3.4 -6.7 ± 6.7 

26 Zhapo 1.7 ± 1.5 4.2 ± 2.2 5.5 ± 2.9 2.6 ± 2.5 3.8 ± 3.3  -2.7 ± 3.9 -4.5 ± 9.0 

28 Hong Kong 2.2 ± 0.7 2.0 ± 1.0 1.2 ± 1.6 -0.2 ± 0.9 -0.9 ± 1.6  -0.2 ± 1.1 -0.9 ± 2.5 

29 Shanwei 0.8 ± 1.3 1.5 ± 3.1 3.0 ± 5.9 0.7 ± 3.3 2.2 ± 5.9  -4.3 ± 3.5 -4.6 ± 6.7 

30 Xiamen 1.4 ± 0.9 4.3 ± 1.3 6.0 ± 2.3 2.9 ± 1.1 4.6 ± 2.2  -0.6 ± 1.6 -0.0 ± 3.6 

31 Kaohsiung  -0.5 ± 1.0 0.3 ± 1.8 0.0 ± 2.9 0.8 ± 1.2 0.6 ± 2.3  -0.7 ± 1.4 -1.7 ± 2.4 

32 Keelung  3.6 ± 1.4 3.9 ± 1.7 5.1 ± 3.7 0.3 ± 1.2 1.5 ± 3.3  0.1 ± 1.5 1.0 ± 5.0 

33 Ishigaki  2.3 ± 0.7 2.7 ± 1.0 2.8 ± 1.4 0.4 ± 0.7 0.6 ± 1.2  0.7 ± 1.1 0.1 ± 2.3 

37 Legaspi 6.7 ± 3.5 7.1 ± 5.6 6.2 ± 6.6 0.4 ± 2.6 -0.5 ± 3.6  -1.6 ± 1.5 -3.7 ± 2.9 
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44 Tawau 5.1 ± 2.4 4.2 ± 2.2 4.4 ± 2.5 -0.9 ± 1.3 -0.7 ± 1.8  0.2 ± 1.1 0.0 ± 1.8 

48 Kota Kinabalu 4.3 ± 1.6 3.9 ± 3.1 6.4 ± 4.2 -0.4 ± 2.7 2.1 ± 3.8  -0.4 ± 2.4 -0.9 ± 2.6 

50 Bintulu 3.3 ± 2.0 6.6 ± 3.4 7.5 ± 5.4 3.3 ± 2.6 4.2 ± 4.7  -1.8 ± 3.0 -2.6 ± 4.9 
aThe considered percentiles are the 50th, 99th, 99.9th and the removal of the 50th from the 99th and 99.9th observed 

percentiles. The standard error (95% confidence level) are also presented. The values for statistically significant trends are 

shown in bold. 
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Figure 7.1. Spatial distributions of maximum observed sea level (a) and maximum sea level after removing annual MSL, at each site (b). Sites are numbered (left) as in 

Table 7.1 
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Fig.7.1 (continued). Spatial distributions of mean spring tidal range (c) and maximum non-tidal residual (d). Sites are numbered (left) as in Table 7.1.  
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Figure 7.2. Maximum seasonal values for observations (a), non-tidal residuals with seasonal cycle (b), non-tidal residuals without seasonal cycle (c) and 

differences between non-tidal residuals with and without seasonal cycle (d). 
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Figure 7.3. Return sea levels using 99.3th percentile threshold at Jolo (a), Xiamen (b), Davao (c) and Haikou (d) for observed extremes (top) and the 

non-tidal residual (bottom). The upper and lower limit is based on 95% confidence interval. 
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Figure 7.4. The 50th, 99th and 99.9th percentiles of observations in P. Klang (top) and T. Gelang (bottom) computed with (left) and without annual MSL 

(right). Time series of the 50th percentile have been offset (+1.3 m) for clarity. 
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Fig. 7.4 (continued). As in Fig. 7.2a and 7.2c but for Hong Kong (e) and Ishigaki (g). Time series of the 50th percentile have been offset (+0.7 m) for clarity. 
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Figure 7.5. The 99th and 99.9th percentiles of the non-tidal residual at P. Langkawi (a), T. Gelang (b), Shanwei (c) and Legaspi (d). 



Chapter 7 

183 

 

 

Figure 7.6. Correlations of the 99th percentile of observed extremes with the MEI (a) and the WNPMI (b) (WNPMI lead by one year). Comparison of 

time series between stations in Malacca Strait (Lumut) with corresponding climate indices (bottom). Only significant correlations are plotted. 
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Figure 7.7. Correlations of the 99.9th percentile of non-tidal residual with the WNPMI (b). Only significant correlations are plotted. Comparison 

of time series between selected sites (b, c and d) with WNPMI are also shown. 
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 Conclusions 

The overall aim of this thesis has been to explore spatial and temporal variability in mean 

and extreme sea levels across the SCS and determine the mechanisms driving the observed 

changes across a range of different spatial scale and time-frequencies. Changes in sea level 

have been examined by assessing tide gauge records, altimetry data, oceanographic and 

atmospheric datasets, vertical land motion data and climate indices. This final chapter will 

first summarise the major findings based on the four objectives formulated in this study, 

the results of which are described in Chapters 4 to 7. Then, a synthesis of the key results 

over different time scales will be discussed, before the novel contribution from this study, 

to the knowledge of changes in sea level in the SCS, are emphasized. Finally, the 

recommendations for future work are given. 

8.1 Summary of key findings 

8.1.1 Mean Sea Level Trends 

The first objective was to determine the spatial and temporal variability of mean sea level 

trends and to explore the contributing factors to these changes. The relative sea level 

trends, estimated from the available long-term records, are more uniform in the northern 

SCS (1-2 mm/yr) than in the Philippines Sea (-0.2-5 mm/yr). For the period 1993-2014, the 

sub-region basin trend estimated from altimetry data varies between 2.9 ± 0.8 mm/yr in the 

northern SCS and 6.2 ± 5.7 mm/yr in the Celebes Sea.   

The contributions of atmospheric pressure changes to sea level trends at the tide gauges are 

statistically non-significant (95% confidence level). In the Philippines Sea, the Celebes Sea 

and the northern SCS, the observed altimetry and the available tide gauge trends for the 

period 1993-2014 are largely due to steric changes (up to 8 mm/yr). Interestingly, the 

halosteric variation significantly contributes to the observed altimetry trends in the 
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northern SCS, which are up to 3 mm/yr over the period 1993-2014. The separation of the 

individual contributions to the observed local sea level trends involves high uncertainties 

especially due to vertical land motion (~3 mm/yr). The vertical land motion contribution 

generally indicate land uplift in the SCS, as estimated from available GPS stations (up to 

3.8 ± 1.3 mm/yr), and the modelled Glacial Isostatic Adjustment contribution (up to 0.5 

mm/yr).  

8.1.2 The Inter-annual Sea Level Variability 

The second objective was to examine the characteristics of the inter-annual variability in 

mean sea level. The percentage of monthly sea level variance explained by the inter-annual 

variability is larger in the Celebes Sea, reaching up to 70%. On the basis of a correlation 

analysis, assessment of the spatial variability indicates regional coherence (correlation 

coefficients between 0.5 and 0.9) of inter-annual sea level in the Malacca Strait, the 

southwestern SCS, the northern SCS and the eastern basin. Meanwhile, distinct 

characteristics were observed in the northern Philippines, the coast of Vietnam, the Gulf of 

Tonkin and the Gulf of Thailand suggesting different driving mechanisms for these 

variations. 

A stepwise multiple regression model was used to assess the connection of inter-annual sea 

level variability with the steric and wind stress (zonal and meridional) components, 

including their relation to regional climate indices. It was found that changes in the steric 

component and wind stress explained more than half of the inter-annual sea level 

variability in the Malacca Strait and the eastern basin. In the Philippines Sea, the steric 

component is the dominant contributor to inter-annual sea level variability with a unique 

(independent) contribution of variance of up to 65%. The inter-annual sea level variability 

in the northern and southern SCS is dominated by wind stress, with the maximum unique 

contribution of variance reaching 37%. This study found that the inter-annual sea level 
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variability in the Malacca Strait and the eastern basin is associated with the monsoon with 

the monsoon index leading sea level by four to five months. More than half of inter-annual 

sea level variability in the southeastern SCS is explained by ENSO and monsoon indices. 

In the Malacca Strait, more than half of the inter-annual sea level variability is accounted 

for by ENSO and Indian Ocean Dipole indices. The relation of inter-annual sea level 

variability in the SCS with the climate indices is mostly due to the variation of the steric 

component and the forcing of zonal and meridional wind stress. 

8.1.3 The Seasonal Sea Level Cycle 

The third objective was to evaluate the spatial and temporal variations of the seasonal cycle 

in mean sea level. This study provides the first assessment of regional changes in the 

seasonal sea level cycle using tide gauge records in conjunction with altimetry data in the 

SCS. The seasonal cycle explains on average 60% and a maximum of up to 92% of the 

monthly sea level variability along the coast. The contribution of the seasonal cycle is 

larger on the continental shelf of the Gulf of Thailand, the south-western and the northern 

SCS where the explained variance varies between 70% and 90%.  

Seasonal variations in atmospheric pressure account for a significant part of the annual 

signals (either increasing or decreasing the amplitude up to 6 cm) in the northern SCS, the 

Gulf of Thailand and the northern Philippines Sea. Whereas, the steric component is 

dominant in the deep basin of the SCS, the Philippines Sea and the shallow Malacca Strait 

with annual amplitudes of up to 15 cm. Along the coast of the shelf areas within the SCS 

basin and the Gulf of Thailand, wind forcing is the major contributor of the observed 

seasonal cycle with annual amplitudes up to 27 cm.  

Examination of the temporal variability of seasonal sea level cycles in the SCS indicates 

significant year-to-year variability. The significant temporal variability of the annual and 

semi-annual harmonics is up to 63% and 45% of the maximum amplitude, 15 cm and 11 
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cm, respectively. A stepwise regression analysis of the contribution from various forcing 

factors accounts on average about 66%, with a maximum up to 97%, of the temporal 

variability of the annual cycle. The statistical model performs relatively well at four sites 

(P. Langkawi, P. Pinang, Lumut and P. Kelang) in the Malacca Strait, explaining the 

variance between 88% and 97%. The temporal variability of the annual cycle in this region 

is primarily attributed to changes in zonal winds. 

8.1.4 The Extreme Sea Level  

The final objective was to explore changes in the characteristics of extreme sea level in the 

SCS. The tides, with mean spring tidal ranges up to 5.8 m, are one of the main contributors 

to sea level extremes. Higher values of maximum extreme sea levels (up to 4 m) and 

maximum non-tidal residuals (up to 1.9 m) are observed in the northern SCS region partly 

due to the effect of tropical cyclone activity. The seasonal extreme sea level cycle exhibits 

significant spatial variability in the SCS. Based on the differences of the non-tidal residual 

with and without the seasonal (annual and semi-annual) component, the largest 

contribution of the mean seasonal cycle is for the area located in the southwestern SCS and 

is between 0.2 m and 0.3 m.  

Significant increases in extreme sea levels were found at more than half of the stations 

analysed. These changes were found to be primarily driven by changes in mean sea level. 

The inter-annual variability in extreme sea levels were found to be significantly correlated 

with ENSO and the monsoon at the stations in the Malacca Strait for the available period 

1983-2014. Interestingly, over the same available period, the monsoon was also 

significantly correlated to inter-annual variability of the non-tidal residual in the Malacca 

Strait.  
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8.2 Synthesis 

Improved knowledge of the changes in the characteristics of sea level and different 

mechanisms resulting in the variations on different time-scales, is valuable in identifying 

and predicting changes in long term mean and extreme sea levels. The monthly mean sea 

level variability over the SCS basin is dominated by the seasonal cycle, except in the 

Philippines Sea and the Celebes Sea. In these two regions, the variations of monthly mean 

sea level are governed by fluctuations at inter-annual scales. In the southwestern SCS, the 

mean seasonal cycle also partly contributed to the extreme sea levels. Significant increases 

in extreme sea levels are evident at most sites and can be attributed primarily to changes in 

mean sea level. 

In this study, it was found that variability in the three mean sea level components assessed 

(i.e. sea level trends, the inter-annual sea level variability and the seasonal sea level cycle) 

in the Philippines Sea were primarily dominated by changes in the steric component of sea 

level. In contrast, in the southwestern SCS, wind forcing is the dominant contributor 

causing variations in the inter-annual sea level variability and the seasonal sea level cycle. 

In other regions, the main mechanisms driving the observed sea level variability, varied. 

For instance, in the northern SCS, the dominant mechanisms influencing the seasonal sea 

level cycle was wind forcing, whereas changes in sea level trends were mainly attributed to 

changes in the steric component. 

The relationship between sea level variability and the climate indices varies spatially over 

different frequencies. The inter-annual mean sea level variability is highly affected by 

ENSO across the SCS basin whereas its connection to the monsoon is mostly in the eastern 

basin. The connection of inter-annual extreme sea level variability with these two climate 

indices is mainly limited in the Malacca Strait. Only inter-annual mean sea level variability 

in the Malacca Strait has significant connection to the Indian Ocean Dipole.  
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Due to the rapid population growth and high economic activity, especially in the coastal 

low-lying region, assessment of changes in sea level is a crucial research field in the SCS. 

This study has contributed new insights to the development of knowledge related to the 

changes in mean and extreme sea levels. In particular, this study has: 

 Carried out detailed assessment of regional sea level trends including their 

uncertainties from the tide gauge records taking into account the various 

contributors especially from the vertical land motion; 

 Assessed the link between the climate variability of ENSO and the monsoon in 

affecting changes in the seasonal sea level cycle, the inter-annual sea level 

variability and the extreme sea level; 

 Been the first to explore the temporal variability of seasonal sea level cycle over the 

SCS basin (Amiruddin et al., 2015); 

 Estimated the contribution of atmospheric pressure, wind, and steric changes to the 

seasonal sea level cycle, sea level trend, and the steric component along the coast of 

the SCS; 

 For the first time, assessed regional extreme sea level in the Malacca Strait and 

trends of extreme sea level in the southwestern SCS; and 

 Been the first to determine the spatial distribution and contribution of seasonal 

variations in extreme sea level in the SCS. 

8.2.1 Implications for assessment of risk and impact 

Examination of the spatial and temporal variation of sea level over different time scales 

enables better risk assessment of coastal hazards due to long term sea level rise and the 

immediate impacts of extreme sea level events.  Over the last two decades, the long term 

mean sea level change in the SCS has been rising and the rates are larger (4-8 mm/yr) in 

the coastal sites along the Philippines Sea, Sulu Sea and Celebes Sea (Table 4.1; Chapter 
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4). This leads to higher long-term coastal risk in these regions especially in low-lying and 

populated areas such as Manila to coastal erosion and shoreline recession, causing high 

impacts on coastal community, infrastructure and public beaches. Furthermore, coastal 

habitats and ecosystems, especially in the estuaries, lagoons or wetlands, for instance, in 

low lying areas at the Mekong Delta in Vietnam, will be disturbed by saltwater intrusion 

leading to the contamination of freshwater and altering vegetation dynamics and nutrients. 

However, sea level rise particularly in the eastern basin was affected by the interannual sea 

level variability that mainly due to the ENSO, and possibly connected to the decadal sea 

level variability in the western tropical Pacific that are related to the Pacific Decadal 

Oscillation (Merrifield et al., 2012; Zhang and Church, 2012). Thus the increased rates of 

MSL in the SCS will likely change in the future. The vertical land motion also needs to be 

taken into account in order to provide accurate risk assessment of the evolved threat from 

sea level rise at the coast. This is particularly important in areas where significant land 

subsidence occurs such as in Bangkok (Aobpaet et al., 2006), Manila (Raucoules et al., 

2013), and Mekong Delta (Laura et al., 2014). 

For extreme sea levels, the estimated 100 year return levels were found to be higher in the 

northern SCS (2-4 m) compared to other regions (Table 7.1; Chapter 7). This parameter is 

valuable for the application of coastal planning and designing flood defence measures on 

the coast. The larger return levels in the northern SCS are highly connected to storm surges 

due to tropical cyclone events. Thus, the risk of coastal flooding is higher for several 

megacities in this region such as Guangzhou, Hong Kong and Hanoi. Significant increases 

in extreme sea levels were found at most sites and primarily driven by the mean sea level 

rise. The IPCC Fifth Assessment Report pointed out that a rise in mean sea level about 0.5 

m will lead to substantial increase in the frequency of extreme sea levels by an order of 

magnitude or more in some regions (Church et al., 2013). As the threat of extreme sea 

level is immediate and dangerous, without any sufficient mitigation, these extreme events 
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may result in considerable loss in life, high costs from damage to infrastructure, and drastic 

changes to the coastal environment (Haigh et al., 2015). 

The combination of the peak of the mean seasonal cycle, the impact of a strong La Niña 

event, and the highest spring tides could lead to a much higher probability of coastal 

flooding. For instance, the seasonal sea level cycle along the coast of Vietnam and the 

northern SCS peaks in November and October respectively with a maximum range 

between 25 cm and 44 cm (Table 6.4; Chapter 6). The risk will be greater if tropical 

cyclones, or an extreme precipitation event, that typically occur during Southwest 

Monsoons in the Northern SCS (Wang et al., 2007) take place at the same time. In the 

southwestern SCS, the maximum range of seasonal sea level cycle were between 28 cm 

and 49 cm and peaks in December (Table 6.4; Chapter 6). Along the east coast of the 

Peninsular Malaysia, the coastal flood prone area received heavy rainfall of more than 12 

mm/hr during the Northeast Monsoon (Varikoden et al., 2011), which coincided with the 

peak mean seasonal cycle. Together with the high spring tide, these combined factors 

contribute to the coastal flooding almost every year in the low lying areas of this region.  

To conclude, changes in sea level over different frequencies (long term trends, inter-annual 

variability, seasonal signals and extremes) seen in this study indicate spatial and temporal 

variability of the areas vulnerable to sea level change and coastal flooding. As a result, 

local risk assessment is equally important, if not more so, than the regional scale 

assessment, for mitigating the impact of sea level rise and extreme events. The information 

is also valuable for better predicting periods of enhanced risk of coastal flooding. This will 

enable efficient resource allocation management to the identifying vulnerable areas. The 

results from this study will also provide useful information to coastal managers and 

relevant authorities in making well-informed decisions regarding coastal planning and 

protection, infrastructure design and habitat conservation. 



Chapter 8 

193 

8.3 Further Research 

The following is a list of recommendations for further research: 

1. Application of numerical models and GRACE measurements 

Using the statistical regression analysis, the quantitative assessment of several mechanisms 

of sea level variability, especially the atmospheric pressure and wind, were primarily 

limited to discrete locations of the tide gauge stations. A better spatial understanding of the 

contribution of these mechanisms, including the role of ocean dynamics, could be gained 

using an ocean numerical model, for instance, the Regional Ocean Modeling System (e.g. 

Sasaki et al., 2017; Liu et al., 2016). This approach is valuable to provide an adequate 

explanation to the unexplained sea level trends and variance from this study. For extreme 

sea level, a barotropic model such as the Princeton Ocean Model (e.g. Zhang and Sheng, 

2013; Zhang and Sheng, 2015) can be used to estimate the direct contribution of 

atmospheric forcing. Changes in ocean mass is one of the missing component of the sea 

level analysis in this study. The measurement of the GRACE could provide a direct 

estimate of the mass change to investigate basin-averaged sea level. 

2. Improve measurement of vertical land motion 

Over the last two decades, the observed sea level trends in the SCS have generally been 

larger than the global average. The assessment of the contributing factors to the observed 

trends in the tide gauge records involves high uncertainties especially due to vertical land 

motion. This emphasized a crucial need to install co-located GPS receivers at more tide 

gauge sites across the region. Alternatively, the satellite application of Interferometric 

Synthetic Aperture Radar (InSAR) (e.g. Raucoules et al., 2013; Wöppelmann et al., 2013) 

provides better spatial resolution of the vertical land motion compared to GPS.  

3. Using alternative approach to estimate return periods 
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The examination of extreme sea level in this study provides estimates of return periods 

using the Peak over Threshold method. Further study should consider comparison of the 

direct approach (e.g. the r-largest method) and indirect approach (e.g. the revised joint 

probability method or skew surge joint probability method) to better assess accuracy of the 

return periods across the SCS. 

4. Assessment of changes in tides 

The contribution of astronomical tidal to extreme sea level is significant in a large part of 

the SCS (Menéndez and Woodworth, 2010; Feng et al., 2015b). To date, there has been no 

detailed regional assessment of the changes in tides in the SCS, except in the northern 

region. Thus, this topic should be explored in the future.  

5. Assess decadal variability and acceleration of sea level 

This study has been limited by the short length of the available tide gauge records (< 30 

years of data) at most sites. With more available observed sea level records in years to 

come, further work should consider the study of decadal sea level variability and its 

relation to climate indices, for instance the Pacific Decadal Oscillation. Furthermore, non-

linear trends analysis should be considered in detecting sea level acceleration in this 

region. 

6. Application of proxy measurements 

The findings from this study only focus on sea level changes over the last six decades. The 

information of sea level changes on geological timescales, as well as the vertical land 

movement can be acquired from proxy measurements. To date, the acquisition of the sea 

level records from this method in the SCS are very limited (e.g. Horton et al., 2005; Yu et 

al., 2009; Meltzner et al., 2017). Further sea level studies should explore the combination 

of the proxy measurements, for instance, from micro-atolls, along with tide gauge and 



Chapter 8 

195 

satellite altimetry in order to gain a wider perspective of sea level evolution in the SCS 

basin. 
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Appendix A : Quality Control of Tide Gauge 

Record 

Figure A1. Example of quality control of monthly tide gauge records. Comparison with (a) metric, 

(b) UHSLC, (c) altimetry and (d) nearby stations. 

Figure A2. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at Sandakan tide gauge station for the period that was affected by the 

phase offset (as clearly shown in the nontidal residual).  

Figure A3. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at P. Kelang tide gauge station for the period that was affected by the 

datum offset (as clearly shown in the nontidal residual).  

Figure A4. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at Kukup tide gauge station for the period that was affected by the 

timing error and producing spike (as clearly shown in the nontidal residual). . 

 

The monthly sea level data from the RLR and Metric datasets (both from the PSMSL) and 

the UHSLC (the hourly records were averaged to monthly means) were compared to assess 

the data quality and available periods of the tide gauge records. The monthly RLR records 

were selected as the primary dataset for most sites because the monthly means have been 

reduced to a common datum by the PSMSL, except for the Kaohsiung and Ishigaki tide 

gauge records. Due to the longer available period and good agreement with the common 

period of the RLR data, the Metric (1973-1996) and the UHSLC (1969-2012) were chosen 

at Kaohsiung (Fig. A1a) and Ishigaki (Fig. A1b) respectively (see Section 3.2.1). The sea 

level data quality was also examined by comparing the RLR record with the closest 

altimetry grid point (Fig. A1c) and the nearby sites (Fig. A1d), primarily to detect any 

outliers. For the hourly data, the quality control was performed via visual inspection of 

each time series of observed hourly data and the NTR. Common errors identified in the 

NTR were associated with a phase offset (Fig. A2), datum shift (Fig. A3) or data spike 

(Fig. A4). Spurious values associated with these errors were removed from the time series. 
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a) 

b) 

c) 

d) 

Figure A1. Example of quality control of monthly tide gauge records. Comparison with (a) metric, 

(b) UHSLC, (c) altimetry and (d) nearby stations. 
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Figure A2. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at Sandakan tide gauge station for the period that was affected by the 

phase offset (as clearly shown in the nontidal residual).  
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Figure A3. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at P. Kelang tide gauge station for the period that was affected by the 

datum offset (as clearly shown in the nontidal residual).  
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Figure A4. Example time series of hourly observed sea level (black), the tidal component (red) and 

the nontidal residual (blue) at Kukup tide gauge station for the period that was affected by the 

timing error and producing spike (as clearly shown in the nontidal residual).  

 

 

 



Appendix B 

204 

Appendix B : Supplementary Material to 

Chapter 4 

 

Figure B1. GIA contribution to the absolute sea level trends from altimetry. 

Figure B2. Steric sea level trends (mm/yr) for the period 1993-2014 computed from deep basin 

region (800m-5000m depth). 
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Figure B1. GIA contribution to the absolute sea level trends from altimetry. 

 

 



Appendix B 

206 

 

Figure B2. Steric sea level trends (mm/yr) for the period 1993-2014 computed from the deep basin region (800m-5000m depth). 
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Appendix C : Supplementary Material to 

Chapter 5 

Figure C1. The percentages of inter-annual sea level variability accounted for by the third (a) and 

fourth (b) EOFs for the period 1993-2014.  

Figure C2. Correlation coefficients matrix for the residual of the RMSW for the available period 

1950-2014 
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Figure C1. The percentages of inter-annual sea level variability accounted for by the third (a) and fourth (b) EOFs for the period 1993-2014. Light grey areas in map 

indicate locations where the correlation is statistically insignificant (95% confidence level). 
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Figure C2. Correlation coefficients matrix for the residual of the RMSW for the available period 1950-2014. White circles indicate the correlation is not statistically 

significant at 95% level.  
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Appendix D : Supplementary Material to 

Chapter 6 

Table D1. Seasonal harmonics from residual (correction of IB effect and steric) over the maximum 

time span of each record within the period 1950-2012 

Table D2. Regression coefficient of regression model 

Table D3. Variance of temporal variability explained by individual predictor 

Figure D1. Comparison of annual and semi-annual harmonics of the observed tide gauge records 

for the period 1950-2012, the whole period and the period 1980-2012.  

Figure D2. The percentages of change in the annual sea level cycle explained by the sea level 

pressure at each tide gauge stations. The percentage is computed from the differences in the annual 

amplitude between observed and IB corrected tide gauge with respect to the observed tide gauge 

Figure D3. Annual cycle of sea level pressure 

Figure D4. The comparison of the annual amplitude between the observed tide gauge records at 

Zhapo and Legaspi with their forcing parameter, the cross-shore and long-shore winds, respectively
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Table D1. Seasonal harmonics from residual (correction of IB effect and steric) over the 

maximum time span of each record within the period 1950-2012a 

  Residual  

  Annual Semi-annual  

No Station Name Aa (cm) Pa (days) Asa (cm) 
Psa 

(days) 
 

1 Ko Taphao Noi 3.7 ± 1.2 266 ± 20 - -  

2 Pulau Langkawi 3.3 ± 0.9 247 ± 16 1.7 ± 0.9 89 ± 16  

3 Pulau Pinang 2.5 ± 0.9 272 ± 21 1.4 ± 0.9 91 ± 20  

4 Lumut 3.0 ± 0.9 299 ± 18 - -  

5 Pelabuhan Kelang 3.7 ± 1.0 320 ± 16 1.3 ± 1.0 91 ± 22  

6 Tanjung Keling 6.2 ± 0.8 345 ±  8 1.3 ± 0.8 66 ± 18  

7 Kukup 9.2 ± 0.8 357 ±  5 1.8 ± 0.8 53 ± 13  

8 Tanjong Pagar 14.9 ± 0.8 365 ±  3 1.5 ± 0.8 173 ± 15  

9 Tanjung Sedili 20.0 ± 0.7 2 ±  2 2.0 ± 0.7 176 ± 10  

10 Pulau Tioman 19.4 ± 0.7 1 ±  2 1.4 ± 0.7 158 ± 14  

11 Tanjung Gelang 20.9 ± 0.7 6 ±  2 2.6 ± 0.7 156 ±  7  

12 Cendering 21.8 ± 0.7 5 ±  2 3.0 ± 0.7 158 ±  7  

13 Geting 22.8 ± 1.0 360 ±  3 4.0 ± 1.0 152 ±  7  

14 Ko Mattaphon 24.0 ± 1.9 1 ±  4 2.6 ± 1.8 146 ± 20  

15 Ko Lak 22.4 ± 0.6 1 ±  2 3.1 ± 0.6 123 ±  6  

16 Pom Phrachun 16.8 ± 0.7 1 ±  2 2.5 ± 0.7 102 ±  8  

17 Ko Sichang 19.1 ± 0.7 2 ±  2 2.7 ± 0.7 97 ±  8  

18 Vungtau 27.2 ± 1.0 364 ±  2 4.6 ± 1.0 138 ±  6  

19 Quinhon 15.1 ± 1.1 345 ±  4 4.1 ± 1.1 113 ±  8  

20 Danang 18.9 ± 1.0 336 ±  3 4.9 ± 1.0 113 ±  6  

21 Honngu 15.9 ± 1.6 323 ±  6 5.4 ± 1.6 99 ±  9  

22 Hondau 13.4 ± 0.7 334 ±  3 3.9 ± 0.7 104 ±  5  

23 Dongfang 12.3 ± 0.9 334 ±  4 5.2 ± 1.0 102 ±  5  

24 Beihai 8.3 ± 0.8' 334 ±  6 2.8 ± 0.8 106 ±  8  

25 Haikou 11.9 ± 0.8 352 ±  4 4.1 ± 0.8 112 ±  6  

26 Zhapo 12.3 ± 0.8 354 ±  4 5.2 ± 0.8 101 ±  4  

27 Macau 8.8 ± 1.2 351 ±  8 4.8 ± 1.2 100 ±  7  

28 Hong Kong 12.1 ± 0.8 354 ±  4 4.2 ± 0.8 94 ±  5  

29 Shanwei 13.1 ± 1.0 360 ±  4 3.4 ± 1.0 97 ±  9  

30 Xiamen 17.4 ± 0.9 355 ±  3 4.2 ± 0.9 106 ±  6  

31 Kaohsiung II 2.1 ± 1.1 358 ± 31 1.9 ± 1.1 103 ± 17  

32 Keelung II 1.2 ± 0.8 277 ± 38 2.2 ± 0.8 69 ± 10  

33 Ishigaki II 1.4 ± 0.7 228 ± 32 1.6 ± 0.7 61 ± 13  

34 Port Irene 5.0 ± 1.2 189 ± 14 - -  

35 Manila 2.9 ± 0.5 318 ± 11 2.5 ± 0.5 58 ±  6  

36 San Jose - - 1.9 ± 1.0 67 ± 14  

37 Legaspi 1.1 ± 0.5 80 ± 25 0.7 ± 0.5 41 ± 21  

38 Tacloban 2.6 ± 0.8 336 ± 18 - -  

39 Cebu 2.2 ± 0.5 245 ± 12 0.7 ± 0.5 107 ± 20  

40 Surigao - - 1.6 ± 1.4 81 ± 25  

41 Davao 1.6 ± 0.7 334 ± 25 2.0 ± 0.7 55 ± 10  

42 Jolo, Sulu 1.7 ± 0.6 38 ± 22 2.7 ± 0.6 117 ±  7  

43 Puerto Princesa,  3.5 ± 1.1 3 ± 18 1.7 ± 1.1 77 ± 19  
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44 Tawau 3.7 ± 0.7 262 ± 11 0.8 ± 0.7 158 ± 25  

45 Lahat Datu 4.6 ± 0.9 280 ± 11 2.1 ± 0.9 141 ± 13  

46 Sandakan 5.6 ± 0.9 346 ±  9 - -  

47 Kudat 4.2 ± 1.1 307 ± 14 - -  

48 Kota Kinabalu 3.6 ± 0.7 300 ± 12 1.4 ± 0.7 84 ± 16  

49 Labuan 2 6.9 ± 1.0 335 ±  9 - -  

50 Bintulu 3.8 ± 0.8 351 ± 12 - -  

51 Sejingkat 7.4 ± 0.9 28 ±  7 1.9 ± 0.9 49 ± 14  

52 Nan Sha 2.4 ± 1.3 320 ± 31 1.6 ± 1.3 100 ± 24  

53 Xi Sha 2.8 ± 1.3 360 ± 26 1.9 ± 1.3 181 ± 20  
aThe standard error (95% confidence) of amplitude and phase are presented. Only values for 

statistically significant harmonics are shown here. 
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Table D2. Regression coefficient of regression model 

   

Ex. 

Var.(%) 

Regression Coefficient  

No Station Name 

Type 

Of 

Model 

K 

St 

(cm/ 

cm) 

BM  

(cm/ 

cm) 

V  

(cm/ 

ms-1) 

U  

(cm/ 

ms-1) 

P 

(cm/ 

ms-1) 

Q 

(cm/ 

ms-1) 

SLP 

(cm/ 

mb) 

AT 

(cm/ 

degK) 

MEI 

(cm/ 

unitless) 

MI 

(cm/ 

unitless) 

1 Ko Taphao Noi a 24 0.0        27.0   

2 Pulau Langkawi a 97 -0.1 0.9   3.8   4.1   -1.0 

3 Pulau Pinang a 93 -0.1    4.6    18.3 1.4  

4 Lumut a 92 -0.1    9.8    12.9  -1.3 

5 Pelabuhan Kelang a 88 -0.1    13.1       

6 Tanjung Keling a 27 0.0    4.3       

7 Kukup a 29 0.0    7.6       

8 Tanjong Pagar b 71 0.0     12.3    -0.9  

9 Tanjung Sedili b 83 0.2     -4.6    -1.0 1.4 

10 Pulau Tioman b 71 0.1      1.0 2.6  -2.4  

11 Tanjung Gelang b 25 0.0     -2.5      

12 Cendering b 47 0.1          0.7 

13 Geting b 83 -0.1 4.2     4.8    -1.4 

14 Ko Mattaphon b 91 0.9          2.7 

15 Ko Lak b 59 0.3         -2.1 1.3 

16 Pom Phrachun b 41 0.0     3.1  3.4  -2.5  

17 Ko Sichang a 64 0.2 2.9 -0.5  5.4     -2.6  

18 Vungtau b 61 0.1 -0.5        -0.5  

19 Quinhon a 58 0.0  1.3  -6.6       

20 Danang a 72 -0.1        -6.7  -1.0 

22 Hondau b 67 0.0 3.8 -1.0     2.2    

23 Dongfang a 35 -0.3         0.9  

24 Beihai b 94 0.0 3.0     -6.3 1.8 0.9   

25 Haikou a 37 0.0  -0.8         
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26 Zhapo a 77 0.1  -0.7 2.9    1.6 -0.9 -2.1  

27 Macau a 80 0.0 0.4  1.9    -1.4 5.0   

28 Hong Kong b 74 0.1 0.8 -9.5   27.8 10.9 1.2 -3.9 -2.1  

29 Shanwei b 75 0.0      5.1     

30 Xiamen b 39 0.1      2.6  -1.9 -1.5  

31 Kaohsiung II b 88 0.0 0.5    -2.0  4.0 4.7   

32 Keelung II a 38 0.1    0.9     -0.9  

33 Ishigaki II a 47 0.0 0.8          

34 Port Irene b 90 0.8       6.0 9.9 -4.8  

35 Manila a 63 0.1       2.6   1.1 

36 San Jose a 88 0.6 1.6      3.6  -2.4  

37 Legaspi b 43 0.0     1.2  1.6    

38 Tacloban b 57 0.0     1.1  2.4    

39 Cebu b 55 0.0 1.0    -5.2    1.1  

40 Surigao b 93 0.0 1.9    -2.6   6.1   

41 Davao a 18 0.0        -6.3   

42 Jolo, Sulu a 52 0.0 0.4   -1.6    8.6   

43 Puerto Princesa,  a 76 0.0        9.6   

46 Sandakan a 78 -0.1 3.5        -1.1  

47 Kudat b 
72 0.0      -9.1     

48 Kota Kinabalu a 78 0.0  -7.3  7.1     -0.9  

49 Labuan 2 b 90 0.0     1.1 -11.8     

50 Bintulu a 82 -0.1    9.6     -1.6  

51 Sejingkat a 95 0.0 2.4      10.9    

52 Nan Sha a 75 -0.2       -2.3   3.1 

53 Xi Sha a 59 0.0  18.3         

Only significant regression coefficients are shown. Type of regression model: (a) using u and v wind; (b) using p and q wind. Regression coefficient : K: constant, ST: steric; 

BM: barotropic model; V: v wind; U: u wind; P: p wind; Q: q wind; SLP: sea level pressure; AT: surface air temperature; MEI: ENSO Index and MI: Monsoon Index 
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Table D3. Variance of temporal variability explained by individual predictor 

  Variance explained by individual predictor (%)  

No Station Name St BM V U P Q SLP AT MEI MI 

1 Ko Taphao Noi 20      9 23   

2 Pulau Langkawi 58  54 52  73 84 60 75  

3 Pulau Pinang 44 34 28 63 34 69 79 51 65  

4 Lumut 67 47 20 66 47 72 71 22 59  

5 Pelabuhan Kelang 53 75 33 88 75 79 65 23 57  

6 Tanjung Keling 18 26  27 26 18 21    

7 Kukup 17   24       

8 Tanjong Pagar 28   33 29 29 36 39 38  

9 Tanjung Sedili  26 26 21  27    55 

10 Pulau Tioman         18 30 

11 Tanjung Gelang     25      

12 Cendering    16  16    47 

13 Geting  17  41 28 49 41  28  

14 Ko Mattaphon 84 49  57 65 49  67  92 

15 Ko Lak        11 38 9 

16 Pom Phrachun 13      16    

17 Ko Sichang 20    13    12 10 

18 Vungtau 51         13 

19 Quinhon  37 38 42 17     21 

20 Danang      25  58   

22 Hondau 26        11 11 

23 Dongfang     35  55  52  

24 Beihai  33 46 33 25 67 22  39 21 

25 Haikou     22  32 24   

26 Zhapo 20  20  28    50  
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27 Macau  26 42  52 18  15 41 15 

28 Hong Kong   19  28   7 36 7 

29 Shanwei 32  35  75  50    

30 Xiamen  15 18  33 15   41  

31 Kaohsiung II  21 35  21 24 28 35  33 

32 Keelung II    15  15  18 25  

33 Ishigaki II 47       28  20 

34 Port Irene   28    39   45 

35 Manila 9 10 34 7 11 13 52  23 32 

36 San Jose 65    33  47    

37 Legaspi 24    23  35  23 8 

38 Tacloban  26   32 23 44  28  

39 Cebu 17      17  19  

40 Surigao   58  54 33 47  34  

41 Davao       11 18   

42 Jolo, Sulu 13 11  32  15  20   

43 Puerto Princesa,  43      38 76 46  

45 Lahad Datu 71   47      50 

46 Sandakan 61  23      27  

47 Kudat 63    72     35 

48 Kota Kinabalu     19   23  23 

49 Labuan 2     69      

50 Bintulu         56  

51 Sejingkat 67    63    36  

52 Nan Sha 34 35 40   35    65 

53 Xi Sha  45 34  45 29 20  28  

*Only significant individual predictor is shown. Note that in case of more than one individual predictor are significant at one station, the values not 

represent the unique contribution as there might be an interaction effect occurred that lead to the sharing of variance among predictors.  
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Figure D1. Comparison of annual harmonic of the observed tide gauge records for the period 1950-2012 (red circle), the whole period (black diamond) and the period 

1980-2012 (blue circle). Vertical bar represent the standard error (95% confidence). Amplitudes are shown in (a), while (b) contains the corresponding phases 
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Figure D1 (continued). As in Fig. D1a and D1b, but for the semi-annual harmonic. Amplitudes are shown in (c), while (d) contains the corresponding phases 
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Figure D2. The percentages of change in the annual sea level cycle explained by the sea level pressure at each tide gauge stations. The percentage is computed 

from the differences in the annual amplitude between observed and IB corrected tide gauge with respect to the observed tide gauge 
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Figure D3. The annual cycle of sea level pressure  
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Figure D4. A comparison of the annual amplitude between the observed tide gauge records at Zhapo and Legaspi with their forcing parameter, the cross-shore 

and long-shore winds, respectively 
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Appendix E : Supplementary Material to 

Chapter 7 

Table E1. The shape and scale parameters of the Generalized Pareto Distribution for Peak 

over Threshold method using 99.3th percentile 

Figure E1. Quantile plot of the extreme value analysis model prediction at Haikou (a) and Keelung 

(b). 
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Table E1. The shape and scale parameters of the Generalized Pareto Distribution for Peak over Threshold method using 99.3th percentile 

 
Station Name 

Observed sea level  Nontidal residual 

No Shape Scale  Shape Scale 

1 Ko Taphao Noi -0.15 0.06  0.13 0.04 

2 Pulau Langkawi 0.10 0.04  -0.24 0.04 

3 Pulau Pinang 0.03 0.04  0.03 0.04 

4 Lumut -0.11 0.06  0.01 0.03 

5 Pelabuhan Kelang -0.13 0.09  0.03 0.05 

6 Tanjung Keling -0.07 0.05  -0.27 0.04 

7 Kukup -0.11 0.05  -0.06 0.05 

8 Tanjong Pagar 0.35 0.03  0.02 0.06 

9 Tanjung Sedili 0.25 0.05  0.19 0.07 

10 Pulau Tioman 0.00 0.07  0.10 0.05 

11 Tanjung Gelang -0.02 0.07  0.09 0.05 

12 Cendering 0.09 0.07  -0.02 0.06 

13 Geting 0.13 0.06  0.20 0.06 

15 Ko Lak -0.17 0.08  -0.20 0.08 

23 Dongfang -0.19 0.08  0.34 0.06 

24 Beihai 0.08 0.08  -0.07 0.21 

25 Haikou 0.42 0.07  0.34 0.12 

26 Zhapo 0.29 0.05  0.22 0.14 

28 Hong Kong 0.07 0.10  0.08 0.13 

29 Shanwei -0.20 0.11  -0.15 0.15 

30 Xiamen -0.05 0.13  0.04 0.15 

31 Kaohsiung  0.16 0.04  -0.08 0.07 

32 Keelung  0.28 0.06  0.42 0.07 

33 Ishigaki  0.03 0.07  0.07 0.11 

37 Legaspi 0.20 0.03  0.39 0.03 
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39 Cebu -0.39 0.06  0.04 0.03 

41a Davao -0.54 0.05  0.04 0.02 

41b Davao 2 -0.08 0.05  0.34 0.01 

42 Jolo, Sulu -0.46 0.05  0.19 0.02 

43 Puerto Princesa -0.08 0.06  -0.34 0.04 

44 Tawau -0.24 0.05  0.27 0.02 

46 Sandakan 0.20 0.04  -0.12 0.03 

48 Kota Kinabalu 0.22 0.04  -0.16 0.04 

50 Bintulu 0.18 0.05  0.35 0.03 
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Figure E1. Quantile plot of the extreme value analysis model prediction at Haikou (a) and Keelung (b). 
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