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Abstract. Sea level in the Singapore Strait (SS) exhibits response to various scale phenomena, from local to global.
Longest tide gauge records in SS are analysed to derive local sea level trend and annual, inter-annual and multi-decadal
sea level variability, which then are attributed to regional and
global phenomena. Annual data gaps are reconstructed using functions correlating sea level variability with ENSO. At
annual scale, sea level anomalies in SS are (quasi-periodic)
monsoon-driven, of the order of ± 20 cm, the highest during
northeast monsoon and the lowest during southwest monsoon. Interannual regional sea level drops are associated with
El Niño events, while the rises are correlated with La Niña
episodes; both variations are in the range of ± 5 cm. At multidecadal scale, annual measured sea levels in SS are varying
with global mean sea level, rising at the rate 1.2–1.7 mm yr−1
for 1975–2009, 1.8–2.3 mm yr−1 for 1984–2009 and 1.9–
4.6 mm yr−1 for 1993–2009. When SS rates are compared
with the global trends (2.0, 2.4 and 2.8 mm yr−1 , respectively) derived from tide gauge measurements for the same
periods, they are smaller in the earlier era and considerably
larger in the recent one. Taking into account the first estimate
of land subsidence rate, 1–1.5 mm yr−1 in Singapore, the recent trend of absolute sea level rise in SS follows regional
tendency.

1

Introduction

The South China Sea (SCS) is the largest semi-enclosed
marginal sea in the northwest Pacific Ocean, bounded by 99–
122◦ E and 0–25◦ N. It consists of a deep basin with two continental shelves along the north and southwest coasts. SCS is
connected to the East China Sea through the Taiwan Strait,
to the Pacific Ocean through the Luzon Strait, and to the Java

Sea through the Karimata Strait (Fig. 1a). Astronomic tides
propagate in the SCS through Luzon Strait, and there are several amphidromic points in the continental shelves of SCS
(Fang et al., 1999; Ko et al., 2008).
Singapore Strait (SS) is situated in the middle of Sunda
Shelf, encompassed by SCS and Malacca Strait. SS is connected through SCS to the Pacific Ocean on the east, and to
the Indian Ocean via the Malacca Strait on the west. Water transport in SS is in the order of 0.1 to 0.2 Sv from east
to west, a minor component of the Indonesian Throughflow
(Wannasingha et al., 2003). The water depth of SS ranges
between 30 m and 120 m.
It is generally expected that sea level in the Singapore
Strait is governed by various scale phenomena, from global
to local. Global signals are due to climate change and variability, having a typical temporal scale of the order of
decades to centuries. At regional scale, annual and interannual sea level variabilities are caused by the Asian monsoon system, modulated by coupled ocean–atmosphere oscillations, such as El Niño-Southern Oscillation (ENSO). At
local (hourly) scale, sea level elevation is driven by astronomic tides distorted by bathymetry gradients.
Long-term global mean sea level (MSL) trends have been
estimated by several researchers (e.g., Douglas, 1991; Cabanes et al., 2001; White et al., 2005; Church et al., 2001,
2011; Bindoff et al., 2007; Becker et al., 2011; Hamlington
et al., 2011; Meyssignac and Cazenave, 2012; Meyssignac et
al., 2012a, b). While the global linear trend from 1901 to
2009 was found to be 1.7 ± 0.2 mm yr−1 , the highest rate
of MSL rise in recent decades (since 1990’s) is found to
be 3.3 ± 0.4 mm yr−1 from the satellite data (Nicholls and
Cazenave, 2010) and 2.8 ± 0.8 mm yr−1 from the in situ data
(Church and White, 2011), as summarized in Table 1.
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Table 1. Linear trends of sea level rise (mm yr−1 ) over selected periods.
Source of record

Global – Tide gauge(1)
Global – Altimetry
Tanjong Pagar (TP)
Raffles Lighthouse (RL)
Sultan Shoal (SH)
Sembawang (SE)
Singapore Strait average

Trend (entire available period)

1.7 ± 0.2 (1900–2009)
3.1 ± 0.4 (1993–2012) (2)
3.1 ± 0.8 (1984–2011)
1.8 ± 0.4 (1975–2011)
2.1 ± 0.4 (1973–2011)
1.5 ± 0.4 (1973–2011)
2.9 ± 0.6 (1984–2011)

Periods
1975–2009

1984–2009

1993–2009

2.0 ± 0.3
NA(4)
NA(4)
1.2 ± 0.4
1.7 ± 0.4
1.3 ± 0.4
NA (4)

2.4 ± 0.4
NA(4)
2.3 ± 0.9
2.1 ± 0.6
2.4 ± 0.7
1.8 ± 0.7
2.1 ± 0.6

2.8 ± 0.8
3.3 ± 0.4 (3)
4.6 ± 1.2
3.0 ± 1.3
1.9 ± 1.4
3.9 ± 1.3
3.4 ± 1.3

1 Church and White (2011); 2 Nerem et al. (2010); 3 Nicholls and Cazenave (2010); 4 not available.

Fig. 1. (a) Study area. (b) The Singapore Strait and its vicinity (bathymetric contours are at 20, 40 and 100 m depths). Black symbols denote
the locations of 4 tide gauges, namely Tanjong Pagar, Raffles Lighthouse, Sultan Shoal and Sembawang.

Similar or larger recent MSL rise rates have been observed
in the western tropical Pacific, eastern Indian and Southern Ocean (Carton et al., 2005; Cheng and Qi, 2007; Unnikrishnan and Shankar, 2007). Church et al. (2004, 2006)
have analysed the sea level rise in the region bounded by
40◦ S to 40◦ N and 30◦ E to 120◦ W (centered on Sunda
Shelf), and found that the average upward trend for the period 1950 to 2001 was about 2 mm yr−1 ; in particular, the region encompassing SS the MSL rise during the period 1955–
2003 by Church et al. (2004) is 3.6 mm yr−1 , and for the ten
year period after 1993 the regional sea level rise rate was
about 4 mm yr−1 . For the Singapore area, the earlier rate was
similar, but the later trend is somewhat higher, centered at
5 mm yr−1 . The larger regional trend since 1993 in the tropical Pacific and Indian Oceans has been attributed to considerable interannual and decadal sea level variability associated,
respectively, with the ENSO and the North Pacific Decadal
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Oscillation (Trenberth and Hurrell, 1994; Chambers et al.,
2002; Church et al., 2004, 2006; and Becker et al., 2011).
In the South China Sea, some researchers have analysed
sea level variability in the last 30 years using tide gauges and
altimetry data (Li et al., 2002; Cheng and Qi, 2007; Rong et
al., 2007). Tsimplis and Shaw (2008) suggested that local sea
level rise is a combination of global sea level variability due
to changes in water mass and density, as well as local and regional effects. It has been pointed out by several researchers
(Qu et al., 2005, Rong et al., 2007, Yu et al., 2007) that in
the SCS, the inflow of cold and salty Pacific water is through
the Luzon Strait in boreal winter and outflow of warm and
fresh water is through the Mindoro and Karimata Straits in
summer, in accordance with the regimes of monsoon winds
– termed as the South China Sea Throughflow (SCSTF). The
SCS circulation coupled with atmospheric teleconnection is

www.ocean-sci.net/9/293/2013/
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likely to be the cause for modulating the inter-annual sea
level variability associated with ENSO.
On the Sunda Shelf and particularly in SS, our earlier
study (Tkalich et al., 2012) showed that wind over the SCS
is arguably the most important factor, which determines the
observed annual variability in sea level anomalies (SLAs).
SLAs in SS were found to be part of the basin-wide storm
surges, of the order of 20 cm, positive during northeast monsoon and negative during southwest monsoon. However,
inter-annual and multi-decadal variability of sea level as well
as sea level trend in SS are yet to be quantified.
In the present study, tide gauge records and satellite altimetry are used to analyse long-term sea level signals in the
SS. Frequency analysis is performed to filter out astronomic
tides from the tide gauge records, and SLAs obtained are correlated with global MSL as well as regional and global phenomena, including ENSO cycle and North Pacific Decadal
Oscillation.

2

Data and methodology

There are 12 tide gauge stations in the Singapore and Johor Straits – 8 stations along the coast of Singapore and 4
offshore. We used the data of four research-quality stations,
namely, Tanjong Pagar (TP), Raffles Lighthouse (RL), Sultan Shoal (SH) and Sembawang (SE), each one having more
than 25 years of long-term data and less data gaps compared
to other stations (Fig. 1b). Annual, monthly and hourly sea
level data for the stations are obtained or derived from the
Permanent Service for Mean Sea Level (PSMSL, 2013) and
University of Hawaii Sea Level Center (UHSLC, 2013). We
truncated segments that have more than 5 years of discontinuity, thus, retaining SE and SH data for the period 1973–
2011, as well as data from RL and TP stations for the periods 1975–2011 and 1984–2011, respectively. Even though
TP station has data from 1974, the data before 1984 are sporadic.
In order to eliminate tidal constituents, the tide gauge
data are subject to harmonic analysis using T Tide program
(Pawlowicz et al., 2002), and residuals (SLAs) are studied
as shown in Fig. 2a for TP station. Satellite altimetry data
from the merged global datasets (AVISO, 2013) at the closest point to TP tide gauge have been used to verify our analysis (Figs. 2b and c). The algorithm used to detide sea level
records is verified on PSMSL data, as shown in Fig. 2d. The
average trend of sea level in SS is calculated as the arithmetic mean of four tide gauge records for the common period
1984–2009.
Annual sea level records in SS show variability with
ENSO in the range ± 5 cm, where drops are associated with
El Niño events, while the rises are correlated with La Niña
episodes (Fig. 4f). This observation helped to derive linear
dependencies to fill a few data gaps, identified by open blue
circles in Fig. 4a–d. The data reconstruction algorithm is verwww.ocean-sci.net/9/293/2013/
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ified against satellite altimetry during the entire available period. In relating annual sea level records to ENSO events, the
Multivariate ENSO Index (MEI, 2013) is used (Wolter and
Timlin, 1993, 1998). It consists of six main variables (sealevel pressure, zonal and meridional components of the surface wind, sea surface temperature, surface air temperature
and total cloudiness fraction of the sky), which have been
observed over the tropical Pacific for many years.
3

Trend and variability of sea level in Singapore Strait

In the following sections, we explore sea level trend and variability in SS and illuminate signals of climate and ocean variability at different temporal and spatial scales.
3.1

Role of Asian monsoon in creating seasonal sea level
pattern

The seasonal variability of SLAs at TP station for a typical year (2011) is presented in Fig. 2b. SLAs vary in the
range of ± 20 cm throughout the year, yielding positive values (with respect to their annual mean) during November–
February (northeast monsoon, NE) and negative values during June–August (southwest monsoon, SW). Similar seasonal pattern is repeated every year during the considered period 1984–2012 (Fig. 2c), modulated by climate and weather
variabilities. It has been pointed out by Tkalich et al. (2012)
that the seasonal and extreme winds over SCS as well as their
persistence and direction play the primary role in generating
SLAs in SS.
To examine climatological annual patterns of SLAs in SS
for the four tide gauge stations, we used monthly averaged
values (Fig. 3). All stations show consistent climatology, but
with different SLA magnitudes, for instance, SE and TP stations have the most prominent seasonal signals, whereas SH
and RL exhibit the weakest anomalies. This difference could
be due to the fact that SE and TP stations are located closer to
the SCS, thus more exposed to the monsoon surge, whereas
SH and RL gauges are shielded from the direct monsoonal
force.
3.2

Role of multi-decadal wind-driven circulation
variability

Church and White (2011) observed that there is considerable variability in the rate of MSL rise from 1880 to the
present, most likely due to a multi-decadal climate oscillation. The local sea level rise rates peaked to over 2 mm yr−1
in 1890’s, 1940’s, 1970’s and nearly 3 mm yr−1 in 1990s
due to a combination of climate change and climate variability, having 20–40 yr cycle. Regionally, due to a strengthening of the Walker circulation generating a positive wind
stress curl anomaly (Mitas and Clement, 2005; Tanaka et al.,
2004), the subtropical gyre in the North Pacific expanded
along its southern boundary over the past two decades. The
Ocean Sci., 9, 293–300, 2013
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Fig. 2. Analysis of Tanjong Pagar tide station data: (a) Typical annual tide gauge record and derived sea level anomalies; Comparison of sea
level anomalies derived from the tide gauge and satellite altimetry (AVISO) for (b) a typical year, and (c) the period 1984–2012; (d) Annual
sea levels obtained in our analysis (blue lines) in accordance with these achieved in PSMSL database (red symbols).

The spikes in averaged sea level in the SS due to the multidecadal variability are identified in Fig. 4.
3.3

Fig. 3. Monsoonal and seasonal influence on sea level variations
(monthly sea level anomalies).

North Equatorial Current shifted southward along the 137◦ E
meridian (Qiu and Chen, 2012) leading to an increase in sea
surface height east of the Philippines. Thus, regional wind
stress curl anomaly is also responsible for the enhanced regional sea level rise, exceeding 10 mm yr−1 in the western
tropical North Pacific Ocean (Timmermann et al., 2010).
Satellite altimetry data suggest that similar pattern has been
established over the entire Sunda Shelf in the past 20 yr.

Ocean Sci., 9, 293–300, 2013

Role of ENSO in SS interannual sea level variability

Figure 4a–d bring out the interannual variability of sea level
in SS during the observation periods. One can notice significant negative correlation (with a coefficient –0.7) between
the MEI index and averaged annual sea level in SS (Fig. 4e, f)
as well as similar order correlation with individual tide gauge
annual records, indicated by numerals in Fig. 4a–d. The most
prominent troughs in the annual sea level are observed during El Niño peaks in 1982–1983, 1987, 1992, 1997 and 2003,
whereas sea level crests are evident during La Niña extremes
in 1975, 1985, 1988, 1999 and 2008. It is clear that magnitude of sea level variability due to ENSO is proportional
to MEI strength during the observation period. In particular,
during the strongest El Niño/La Niña episodes, the sea level
annual anomaly is the largest, of the order of 5–8 cm at TP,
3–5 cm at RL, 3–5 cm at SH, and 3–8 cm at SE.
The exact mechanism of sea level dependence on ENSO
is yet to be understood – most likely being a combination
of direct signal propagation through ocean lateral fluxes and
atmospheric teleconnection feedback. One should be careful
in interpreting sea level trends with short period data during switches of ENSO or multi-decadal cycles. For example,
between 1997 El Niño and 1999 La Niña years, sea level
has risen by 8 cm, 10 cm, 12 cm and 12 cm at TP, RL, SH
and SE, respectively. Indeed, Cheng and Qi (2007) analysed
www.ocean-sci.net/9/293/2013/
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Fig. 4. (a–e) Sea level at tide gauges in Singapore Strait (the zero reference level is adjusted to the beginning of the regression line): blue
dot-line identify annual sea level at the tide gauges, with linear trend for the observation period identified by solid black lines; open blue
circles indicate restored missing data; correlation of sea level and Multivariate ENSO Index (MEI) is shown for each tide record; red dot-line
identify satellite altimetry for the SS region (AVISO). (f) Comparison of anomalies of average annual SS sea level (detrended, blue line)
with yearly-averaged MEI (green line). Periods of sea level maxima due to multi-decadal variability and La Niña episodes are indicated by
symbols “MV” and “LN”, respectively.

TOPEX/Poseidon altimetry for the SCS to show, in particular, that the MSL over the SCS has risen by 10 cm between
1997 and 1999. As shown in Fig. 2 of Church et al. (2006)
that SS region also had a sea level rise of the order of 5–
10 mm yr−1 during 1993–2001, it is lower than or equal to
our averaged SS sea level rise rate 10.0 mm yr−1 for the same
period. It is clear from the short-term analysis that to avoid
misinterpretation of sea level trend influenced by ENSO and
multi-decadal oscillation signals, the data span should be at
least several decades long, preferably exceeding 50–60 years.
3.4

Role of global signal in SS sea level trend

Figure 4 and Table 1 provide comparison of trends obtained
from tide gauges in SS with the global trends (Church and
White, 2011) for the period 1973–2011 and shorter. Having
a moderate start after 1975, SS sea level has increased rapidly
till the year 2000. We presume that acceleration after 1993 is
partially attributed to the ENSO cycle as well as to multidecadal climate variability, as indicated in Fig. 4(c,d). An
additional possible mechanism behind the acceleration is the
global-scale consequences of the eruption of Mt. Pinatubo in
the Philippines in 1991 (Church et al. 2004; Church et al.
2005; Gregory et al., 2006; Domingues et al., 2008). Atmospheric ashes have slowdown warming of the Earth for two
years, but the accumulated commitments have rebounded
strongly after 1993. According to Holgate and Woodworth
www.ocean-sci.net/9/293/2013/

(2004) during the period January 1993 to December 2002,
the corrected tide gauge records provided a global average
trend of 4.0 mm yr−1 .
3.5

Sea level rise and variability in SS

Globally, sea level rise has been accelerating of the order of
0.01 mm yr−2 since 1870 (Church and White, 2006; Jevrejeva et al., 2008, Church and White, 2011) leading to the
20th century global sea level rise rate 1.7 ± 0.2 mm yr−1 .
This value could be compared with SS averaged rate
(1.8 ± 0.4 mm yr−1 ) measured at SH and SE tide gauges but
for the shorter period, 1973–2011. In particular, measured
sea level in SS has been rising at the rate 1.8–2.3 (on an average of 2.1 ± 0.6) mm yr−1 during 1984–2009 and 1.9–4.6
(3.4 ± 1.3) mm yr−1 for the period 1993–2009. When compared to global rates of 2.4 ± 0.4 and 2.8 ± 0.8 mm yr−1 for
the same periods, respectively, it is clear that SS sea level rise
had a relatively slow start in the early period, but accelerated
faster than the global rate later. The sea level increased after
1993 most likely due to multi-decadal climate variability.
4

Conclusion and discussion

In summary, sea level trend and variability in SS have been
studied using the data from four tide gauges, namely, Tanjong Pagar (TP), Raffles Lighthouse (RL), Sultan Shoal (SH)
Ocean Sci., 9, 293–300, 2013
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and Sembawang (SE). After tide signals are removed from
the records, the residuals are analysed to uncover regional
and global signals that might be affecting local sea level.
At annual scale, sea level in SS is driven by monsoon wind
causing a sea level surge of the order of 20 cm, positive during NE monsoon and negative during SW monsoon. Interannual variability associated with ENSO cycle is expressed
as dropping sea level during El Niño events and rising during La Niña episodes, both are of the order of ± 5 cm. During 1984–2009, the average sea level rise in SS has accelerated to 2.1 ± 0.6 mm yr−1 , almost reaching the global rate
of 2.4 ± 0.4 mm yr−1 . In recent years (1993–2009), the average SS sea level has risen at the rate of 3.4 ± 1.3 mm yr−1 ,
exceeding the global trend of 2.8 ± 0.8 mm yr−1 . SH seems
to be an outlier during the recent period, having the lowest sea level rise rate of 1.9 ± 1.4 mm yr−1 among other stations (TP: 4.6 ± 1.2 mm yr−1 , RL: 3.0 ± 1.3 mm yr−1 , and
SE: 3.9 ± 1.3 mm yr−1 ). This discrepancy might be due to
the influence of intensive coastal development in the area
(Lui and Tan, 2001). If SH tide gauge readings are discarded, the average SS sea level rise has an upward trend
of 4.1 ± 1.3mm yr−1 during the period 1993–2009.
In order to get an absolute rate of sea level rise in SS as
opposed to measured relative sea level, tide gauge records
have to be corrected for vertical land motion (VLM). VLM
is a highly localised phenomenon, which primarily results
from either glacial isostatic adjustment in areas covered by
ice sheets, movement of the Earth’s tectonic plates, or local
compaction of sediment and underground soil. A few studies have been carried out using GPS measurements to derive
the speed of crustal motions in regions adjacent to Singapore
(Simons et al., 2007; Trisirisatayawong et al., 2011). However, no study has explicitly provided the VLM estimation
for Singapore, except for a pilot investigation by Fernandes
et al. (2011) who reported a uniform subsidence rate of 1–
1.5 mm yr−1 for the whole island using the limited observations for the period 2006–2011 via the newly established Singapore Satellite Positioning Reference Network (SiReNT).
With the limited data available, if the correction is applied
to the tide gauge records, Singapore Strait averaged sea level
rise rate became closer to the regional MSL rise trend.
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