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Abstract. Sea level rise due to climate change is non-
uniform globally, necessitating regional estimates. Peninsu-
lar Malaysia is located in the middle of Southeast Asia,
bounded from the west by the Malacca Strait, from the east
by the South China Sea (SCS), and from the south by the
Singapore Strait. The sea level along the peninsula may be
influenced by various regional phenomena native to the ad-
jacent parts of the Indian and Pacific oceans. To examine the
variability and trend of sea level around the peninsula, tide
gauge records and satellite altimetry are analyzed taking into
account vertical land movements (VLMs).

At annual scale, sea level anomalies (SLASs) around Penin-
sular Malaysia on the order of 5-25 cm are mainly monsoon
driven. Sea levels at eastern and western coasts respond dif-
ferently to the Asian monsoon: two peaks per year in the
Malacca Strait due to South Asian—Indian monsoon; an an-
nual cycle in the remaining region mostly due to the East
Asian-western Pacific monsoon. At interannual scale, re-
gional sea level variability in the range of =6 cm is corre-
lated with El Nifio—Southern Oscillation (ENSO). SLAs in
the Malacca Strait side are further correlated with the Indian
Ocean Dipole (IOD) in the range of £5cm. Interannual re-
gional sea level falls are associated with El Nifio events and
positive phases of 10D, whilst rises are correlated with La
Nifia episodes and negative values of the 10D index. At sea-
sonal to interannual scales, we observe the separation of the
sea level patterns in the Singapore Strait, between the Raffles
Lighthouse and Tanjong Pagar tide stations, likely caused by
a dynamic constriction in the narrowest part.

During the observation period 1986—2013, average relative
rates of sea level rise derived from tide gauges in Malacca
Strait and along the east coast of the peninsula are 3.6 + 1.6
and 3.7+ 1.1mmyr~1, respectively. Correcting for respec-
tive VLMs (0.8+2.6 and 0.942.2mmyr~1), their corre-
sponding geocentric sea level rise rates are estimated at

44431 and 4.6+2.5mmyr~1. The geocentric rates are
about 25 % faster than those measured at tide gauges around
the peninsula; however, the level of uncertainty associated
with VLM data is relatively high. For the common period be-
tween 1993 and 2009, geocentric sea level rise values along
the Malaysian coast are similar from tide gauge records and
satellite altimetry (3.1 and 2.7 mmyr—1, respectively), and
arguably correspond to the global trend.

1 Introduction

It is well established that global mean sea level (GMSL) has
been rising since the beginning of the last century (IPCC,
2013). Primary contributors to the contemporary sea level
rise are increases of ocean temperature and ice sheet melting,
modulated by regional to global factors such as variability in
ocean circulation, EI Nifio—Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (Stammer et al., 2013).
Temporal and spatial variability of sea level complicates
estimation of sea level rise rates at regional and global
scales (e.g. Nerem et al., 2006; Jevrejeva, 2008; Church
and White, 2011; Hay et al., 2015). Reconstructing the
GMSL from tide gauges using stationary empirical orthog-
onal functions based on satellite observation, Church and
White (2011) derived the rate 1.7 0.2 mmyr~! for the pe-
riod 1900-2009, which was adopted by IPCC (2013) and
many others (e.g. Meyssignac and Cazenave, 2012; Stam-
mer et al., 2013). In a recent statistical analysis, Hay et
al. (2015) applied the Kalman smoothing technique and sug-
gested a lower rate, 1.2 +0.2mmyr—1. Acceleration of sea
level rise since the early 20th century is commonly accepted
according to Church and White (2011) as 0.01 mmyr—12,
revised by Hay et al. (2015) as 0.017 mmyr—12. The rates
have increased recently and are similar from both ap-
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proaches. For the period between 1993 and 2009 when
satellite measurements are available, in situ data from tide
gauges displayed the rate of 2.8 + 0.8 mmyr—1 (Church and
White, 2011), whilst altimetry suggested a consistent rate of
3.3+ 0.4mmyr~! (Nicholls and Cazenave, 2010). The same
rate of 3.00.7mmyr~! for a similar period 1993-2010
was recently yielded by Hay et al. (2015).

In the North Pacific and Indian oceans, regional patterns
of interannual sea level variability are modulated by ENSO,
the North Pacific Decadal Oscillation (Trenberth and Hur-
rell, 1994; Church et al., 2004; Becker et al., 2012; Tkalich et
al., 2013), the North Pacific Subtropical Gyre, easterly trade
winds (Merrifield, 2011) and the Walker cell (L’Heureux et
al., 2013). For instance, the latest studies (Qiu and Chen,
2011; L’Heureux et al., 2013) suggest that the Walker cell re-
cently strengthened, resulting in a mean sea level rise along
the western tropical Pacific coasts at a rate of 30 mmyr—1!
for the period 1993-2001 (Church et al., 2006; Becker et al.,
2012).

Peninsular Malaysia is located at the centre of Sunda
Shelf, encompassed from the east by the South China Sea
(SCS), which is the largest marginal sea in the Pacific Basin,
and from the west by the Andaman Sea of the Indian Ocean
(Fig. 1). As a result, sea level along the Malaysian coast is
affected by various phenomena relevant to the extended re-
gion. Around the peninsula, especially in the Malacca Strait,
synoptic analysis of seasonal sea level has yet to be done.

Seasonal sea level variability across the SCS is predomi-
nantly driven by the Asian monsoonal wind (Wyrtki, 1961;
Lau et al., 1998; Ding and Johnny, 2005; Tan et al., 2006;
Wang et al., 2009; Liang and Evans, 2011). Along Penin-
sular Malaysia, the Asian monsoon branches into two ma-
jor parts: the East Asian-western Pacific (EAWP) monsoon
(Li and Zeng, 2002) and the South Asian—Indian (SAI) mon-
soon (Goswami et al., 1999; Wang and Fan, 1999). These
monsoon systems affect their respective regions quite inde-
pendently (Liang and Evans, 2011). Along the east coast of
the peninsula, positive seasonal sea level anomalies (SLAS)
are induced by wind shear during the north-east (NE) mon-
soon (boreal winter), whilst negative anomalies are caused
by the south-west (SW) monsoon (boreal summer; Tkalich
et al., 2012; Chen et al., 2012). At the intermediate area rep-
resented by Singapore Strait, the seasonal SLA caused by the
monsoonal wind may reach +20cm (Tkalich et al., 2013).

In the SCS, the interannual variability of mean sea level
(MSL) exhibits a strong signature of ENSO due to intrusion
of the Kuroshio Current through the Luzon Strait, coupled
with atmospheric teleconnection (Qu et al., 2004; Wang et
al., 2006; Cheng and Qi, 2007; Rong et al., 2007; Chen et
al., 2012; Tkalich et al., 2013; Peng et al., 2013; Nidheesh
et al., 2013). The correlation with ENSO becomes stronger
towards the southern part of the SCS (Rong et al., 2007;
Peng et al., 2013). It is not a surprise that interannual SLAS
around Peninsular Malaysia are greatly affected by ENSO. In
the Singapore Strait, SLAs derived from tide gauge records
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Figure 1. Bathymetry in the region with the black box indicating
area of interest.

(1984-2011) are highly correlated (—0.7) with the multivari-
ate ENSO index (MEI), with falls and rises of mean sea level
associated with EI Nifio and La Nifa episodes being on the
order of =5cm (Tkalich et al., 2013). In the Bay of Ben-
gal and the Andaman Sea adjacent to the west coast of the
peninsula, the range of anomalies accompanying ENSO is
+15cm (Aparna et al., 2012; Sreenivas et al., 2012). The
complete picture of ENSO-related SLAs at both sides of the
peninsula is yet to be drawn.

The Bay of Bengal also experiences SLASs induced by the
Indian Ocean Dipole (IOD) in the range + 20 cm (Aparna et
al., 2012; Sreenivas et al., 2012; Palanisamy et al., 2014). It
is expected that the signature of the 10D is also detectable in
the Malacca Strait and decreases toward the Singapore Strait;
however, the anomalies have not been quantified.

Sea level trends in areas adjacent to Peninsular Malaysia
have been analyzed previously, including the Gulf of Thai-
land (Trisirisatayawong et al., 2011), the Singapore Strait
(Tkalich et al., 2013), the SCS (Peng et al., 2013) and
the Indian Ocean (Palanisamy et al., 2014). In the Gulf
of Thailand (east of the peninsula), the sea level rise rate
3.0+ 1.5mmyr~! during the period 1940-2004 was derived
by Trisirisatayawong et al. (2011) combining tide gauge data
and vertical land movement (VLM) correction. In the Sin-
gapore Strait, relative sea level rise rates of 1.2-1.7 mmyr—1
during 1975-2009 and 1.8-2.4mmyr~—! during 1984-2009
were obtained by Tkalich et al. (2013). In the entire SCS,
two-dimensional sea level reconstruction since 1950 com-
pleted by Meyssignac et al. (2012) and satellite altimetry
were used by Peng et al. (2013) to analyze sea level trends.
For the period between 1993 and 2009, it was found that
the reconstructed sea levels in the SCS exhibited an average
rise rate of 3.6 & 0.4 mmyr—1, which was similar to the satel-
lite altimetry rate of 3.94 0.6 mmyr—L. On average, the rate
in 19502009 was estimated as 1.7 +0.1 mmyr—1, which is
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slightly lower than the global trend (1.8 £0.1mmyr~1). In
the Indian Ocean, the rate of 1.5mmyr—1 during the period
1950-2009 was derived by Palanisamy et al. (2014). In sum-
mary, all these studies indicate that the sea level trend and
variability around Peninsular Malaysia may be highly com-
plicated, non-uniform and considerably different from the
global trend, as summarized in Table 1.

The largest uncertainty in sea level trend assessment is
arguably introduced by VLM. This vertical displacement is
due to the rise of landmass associated with glacial isostatic
adjustment (GIA) rebound, regional active tectonic move-
ment, anthropogenic impact of underground water or sed-
iment compaction, and other phenomena. To correct tide
gauge data for VLM, the first approach (e.g. Peltier, 2004;
Church and White, 2006, 2011) allows one to estimate vis-
coelastic adjustment due to ongoing rebound following the
retreat of past ice sheets. However, it is limited not only due
to the parameterization (and hence accuracy) in each GIA
model, but also due to the fact that other local sources of
the vertical motion such as local crustal displacement, having
the same magnitude in many areas, have not been taken into
account (Tamisiea and Mitrovica, 2011; Santamaria-Gémez
et al., 2012). The geodetic approach becomes more promis-
ing, as it measures land displacement directly from Global
Positioning System (GPS) stations, and occasionally from
Doppler Orbitography and Radiopositioning Integrated by
Satellite (DORIS) or from absolute gravity stations (Wop-
pelman et al., 2007, 2009, 2014; Santamaria-Gomez et al.,
2012, 2014).

At Peninsular Malaysia, the VLM pattern is highly com-
plex as a result of drift of the Sundaland Block, Australian
Plate and Indian Plate on the Earth’s mantle. VLM ranges
between a subsidence rate of 0.604+2.89mmyr—1, and an
uplift of 1.70+1.90mmyr—! (Simons et al., 2007), being
of the same order as the regional sea level rise rate. Un-
surprisingly, the relative rate 2-3 mmyr—1 obtained by Peng
et al. (2013) for the period 1993-2009, ignoring the VLM
in the Gulf of Thailand, is half of the geocentric rate 3.5-
45mmyr—! computed by Trisirisatayawong et al. (2011).
Recently, Palanisamy et al. (2014) have taken into account
VLM in evaluating the sea level rise rate in the Indian Ocean.
However, no GPS station in the Malacca Strait region was
used, leaving the estimation of a geocentric rate west of the
peninsula unsolved.

It is evident that the past analyses of sea level in the re-
gion and particular around Peninsular Malaysia were incom-
plete and fragmentary in terms of spatial and temporal cover-
age, as well as methodologically inappropriate, leading to in-
consistent estimations of sea level trends. Meanwhile, under-
standing of the phenomenon is important not only for several
neighbour countries (Malaysia, Indonesia and Singapore) but
also as a component of the world map of sea level rise.

This paper examines sea level trend and variability around
Peninsular Malaysia using tide gauge data combined with
local VLM information and satellite altimetry. Section 2
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Figure 2. Locations of and GPS stations (yellow symbols) extracted
from Simons et al. (2007) and tidal gauge stations (red circles)
archived from PSMSL along the coasts of Peninsular Malaysia.
Contours represent VLM rates (mm yr—l); positive VLM value
shows upward direction.

presents data processing methodology, followed by results
for the sea level variability and long-term trends in Sect. 3.
The findings are summarized in the last section and com-
pared with the global trends.

2 Data and methodology

The annual and monthly sea level data for 12 considered
research-quality tide gauges in the domain of interest were
obtained from the Permanent Service for Mean Sea Level
(PSMSL,; http://www.psmsl.org/data/obtaining/; Holgate et
al., 2013). The data passed quality control and have more
than 20 years of records having gaps less than 30 % of total
length. The selected tide gauges are evenly positioned along
the peninsular coast (Figs. 2 and 3) clustered in two regions
— west and east, namely, six stations in the Malacca Strait
(Langkawi, Pinang, Lumut, Kelang, Keling and Kukup)
and the same number along the east coast of Peninsular
Malaysia (Geting, Cendering, Gelang, Tioman, Sedili and
Johor Bahru). Four stations in the (intermediate) Singapore
waters (Sultan Shoal, Raffles Lighthouse, Tanjong Pagar and
Sembawang) are also used for a comparison (after Tkalich et
al., 2013).

A first glance at the data revealed gaps in the records of all
12 considered tide gauges, for instance, Johor station missed
more than 25 % of data since 1984. For data with strong sea-
sonal variability, even a 1-month gap necessitates removal of
the respective year out of the analysis; however, the gappy
years cannot be simply neglected because an annual incre-
ment due to sea level rise could be much smaller than an-
nual and interannual sea level variability (Douglas, 2001;
Wahl et al., 2010: Becker et al., 2012). To fill the gappy
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Table 1. Linear trends (mmyr—1) of sea level rise and VLM rates over selected periods.

Sea level rise rate Sea level rise rate VLM rateb
from tide gauge record from satellite?

Source of record Entire period 1993-2009 1993-2013 1993-2009  1994-2004
(location) Period Relative  Geocentric!  Relative  Geocentric
Langkawi (99°46' E, 6°26' N) 1986-2013 3.7+1.9 51+33 19+42 3.3+5.0 36+21 22+29 14+27
Pinang (100°21’ E, 5°27’ N) 1986-2013 4.2+1.8 50+41 34+43 42457 38+21 21+28 0.8+3.7
Lumut (100°37 E, 4°14' N) 1985-2013 19+1.8 18+32 18+£36 1.7+£45 50£23 30+£30 -01+27
Kelang (101°21’ E, 3°03' N) 1984-2013 28+£1.7 33+29 21440 26+4.6 50£22 3.0+29 05+23
Keling (102°09' E, 2°13' N) 1985-2013 29+1.6 34+28 21437 26+43 49+18 40+2.7 05+23
Kukup (103°27" E, 1°20’ N) 1986-2013 3.6+14 50+25 34+34 47+38 24+21 20+£3.1 14+20
Malacca Strait 1986-2013 3.6+1.6 444+£31 24437 3.2+46 41+19 27+27 0.8+2.6
Johor (103°48' E, 1°28' N) 1984-2013 3.3+11 45+23 24+11 3.6+£23 25+19 19+27 12+20
Sedili (104°07’ E, 1°56’ N) 1987-2013 3.4+£1.2 3.7+£24 18+12 21+24 35+16 26+22 03+21
Tioman (104°08' E, 2°48’ N) 1986-2013 3.7+1.2 40+26 26+12 29+26 46+12 33+15 03+23
Gelang (103°26’ E, 3°59' N) 1984-2013 3.4+12 40+27 30+£12 3.6+27 44412 31+16 06+24
Cendering (103°11’ E, 5°16’ N) 1985-2013 3.8+1.1 52+18 22+11 36+18 46+12 29+13 14+15
Geting (102°06' E, 6°14" N) 1987-2013 35414 51+30 10+14 27430 43+13 26+16 16+27
East coast of Peninsular Malaysia  1986-2013 3.7+1.1 46+25 22+20 31+30 40+12 27+16 09+22
Singapore Strait® 1984-2011 35+£1.2 38+12 0.340.1°
Gulf of Thailand 1940-2004 3.0£15 3.6+0.7
South China Sead 19502009 1.7+0.1 3.6+04 3.9+0.6
Global reconstruction (EOF)
using tide gauges h 1900-2009 1.7+0.2 28+0.8
Global reconstruction (KS) )
using tide gauges ' 1901-1990 12402 3.0+0.7)
Global altimetry 1993-2013 32404k 33404

Uncertainties are calculated at the 95 % confidence level. 2 Sea level rise rate obtained from AVISO satellite altimetry data; b \/LM rates and uncertainties in Peninsular Malaysia are interpolated
from Simons et al. (2007); ¢ VLM rate and uncertainty in the Singapore Strait is calculated from data from NTUS GPS station for the period 1997-2011, available at
http://www.sonel.org/spip.php?page=gps&idStation=765; 9 assume that VLM speed is constant beyond its observational period; ¢ Tkalich et al. (2013); f Trisirisatayawong et al. (2011) at Ko
Lak tide gauge; 9 Peng et al. (2013); N reconstruction using the Empirical Orthogonal Function (EOF) method, Church and White (2011); | reconstruction using the Kalman smoothing (KS)
method, Hay et al. (2015). | Hay et al. (2015) estimate for similar period (1993-2010); K Data provided at http:/sealevel.colorado.edu — Nerem et al. (2010); ! Nicholls and Cazenave (2010).

years, the missing data points were replaced by an average
of de-trended sea level values in the same year from its two
neighbouring tide gauges. This reconstruction technique is
expected to be applicable due to the similarity in sea level
patterns at nearby stations along the Malaysian coast, evi-
denced by high correlations (with coefficient r = 0.93—0.98)
between them (Fig. 3). To examine the robustness of re-
construction further, fill-in values were compared against
known-but-withheld values (Fig. 4a). The root mean square
error (RMSE) between these values is small (1.03 cm), whilst
the errors have a Normal distribution and 95 % of them are
within the range of =2 cm.

In both regions, mean sea level for a given year is
computed as an average of sea levels after reconstruction
(described below) from respective gauges. To assess the
accuracy of the reconstruction technique, merged altimetry
satellite data (AVISO; http://www.aviso.altimetry.fr/en/data/
products/sea-surface-height-products/global/msla.html)
were used at points closest to tide gauges for the common
period 1993-2013 (Fig. 3 and Table 1). Hay et al. (2015)
pointed out that sea level response to atmospheric pressure
change is negligible at global scale. In this study, we have
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examined the inverted barometer correction (IBC) as well,
but it was not adopted because IBC contribution to regional
mean sea level rise is marginal (about 5% of the rate).

In order to obtain the geocentric sea level rise rate, the
tide gauge records have to be corrected for VLM. Since
the vertical landmass related to the post-glacial rebound is
only a component of the VLM, the GIA model result is not
considered in this study. On the other hand, though there
are 19 stations listed to measure the land displacements
in Malaysia in the ITRF2008 website (http://itrf.ensg.ign.fr/
ITRF_solutions/2008/ITRF2008.php; Altamimi et al., 2011),
their GPS data either are unavailable (17 out of 19 stations)
or have short (less than a year) records (2 out of 19 stations).
Hence, we employed the VLM data published by Simons et
al. (2007) which have a 10-year span from nine GPS stations
around Peninsular Malaysia. These values were interpo-
lated to tide gauge locations to obtain respective VLM rates
(Fig. 2). The VLM data for the Singapore Strait are not pub-
licly available (E. Hill, personal communication, 2015), ex-
cept the one from NTUS GPS station obtained from SONEL
(http://www.sonel.org/spip.php?page=gps&idStation=765).

Www.ocean-sci.net/11/617/2015/
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Figure 3. Annual sea level at tide gauges around Peninsular Malaysia: (a) Malacca Strait, (b) Singapore Strait and (c) east coast of the
peninsula. Black circles show data from PSMSL; white open circles indicate reconstructed missing data. Red lines represent annual geocentric
satellite altimetry data, which are adjusted to the mean level of tide gauge data for the period 1993-2013.
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In order to correlate the interannual sea level variabil-
ity with ENSO and IOD phenomena, the MEI (http://www.
esrl.noaa.gov/psd/enso/mei/) and Dipole Mode Index (DMI;
http://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php) were
used as proxies, respectively. The MEI comprises six physi-
cal variables (sea level pressure, zonal and meridional com-
ponents of the surface wind, sea surface temperature, sur-
face air temperature and total cloudiness fraction of the sky),
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which have been measured over the North Pacific for many
years (Wolter and Timlin, 1993, 1998). The DMI index repre-
sents the gradient of anomalous sea surface temperature be-
tween two areas: a western pole in the Arabian Sea and an
eastern pole in the eastern Indian Ocean south of Indonesia
(Saji et al., 1999). To separate the overlapping contributions
of ENSO and IOD to SLAs, multiple linear regression anal-
ysis was applied with linear predictors MEI and DMI. Note,
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since the DMI data have not been updated, the regression
analysis was performed up to the year 2011.

Linear trends were obtained using the least square method
with uncertainties calculated at 95 % confidence level (Ta-
ble 1). Geocentric sea level rise rates were obtained by
adding VLM speed to the relative rate. The combined error
is calculated as the square root of the sum of squared (rela-
tive and VLM) errors. Sea level rise trend and uncertainty are
then derived from its annual time series using linear regres-
sion analysis. Seasonal (Sa) and semi-annual (Ssa) tidal-like
oscillations were obtained from monthly data using harmonic
analysis.

To examine the autocorrelation, we applied the Durbin-
Watson (DW) statistical analysis for de-trended recon-
structed data with at least 25 sampling records for each sta-
tion (Bos et al., 2014). Among 12 tide gauges, 7 stations
(namely Pinang, Keling, Kakup, Sedili, Tioman, Gelang and
Genting) have p values smaller than 0.05. It is not surprising
that we found no statistical evidence to reject autocorrela-
tion of the de-trended residuals, as all DW values are smaller
than the upper critical value 1.45 for one regressor for 95 %
confidence level. This behaviour is not unique, since previ-
ous studies (Foster and Brown, 2014; Bos et al., 2014) indi-
cated that SLAs from tide gauges often have temporal corre-
lations. We are not original to state that uncertainties in sea
level trend assessments may be underestimated, and there-
fore derived trends need to be interpreted with care.

3 Results and discussions
3.1 Seasonal sea level variability

Figure 5 presents seasonal SLAs at tide gauges along the
coastline of Peninsular Malaysia. Distinct patterns are found
along the east coast and the west coast (Malacca Strait) of
the peninsula, with an intermediate area in Singapore Strait
where both features are observed. Seasonal SLAs along the
east coast of Peninsular Malaysia are in the range of +25cm,
with a single peak and trough observed during NE and SW
monsoons, respectively (Fig. 5¢). The phenomenon causing
the annual cycle has been explained by Tkalich et al. (2012)
as being part of the domain response to the reversing mon-
soon. During (boreal) winter of the EAWP monsoon, the NE
wind causes a sea level surge in the Gulf of Thailand and
along the east coast of Peninsular Malaysia. During (boreal)
summer, the SW monsoon wind pulls water off the Sunda
Shelf towards the north-west SCS, leading to a regional fall
of sea level. The amplitude of the annual tidal-like con-
stituent (Sa) is dominant in comparison with the semi-annual
one (Ssa) as observed in Fig. 6a.

The seasonal anomaly of sea level in the Malacca Strait
shows two peaks with similar magnitude +5cm (Figs. 5a
and 6a). Peaks are observed during May and November,
whilst troughs are seen during February—March and Septem-
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ber. The complexity of the pattern is arguably due to compe-
tition between seasonal wind from the SCS, and wind stress
locally established over the Andaman Sea and directed to-
ward the Malacca Strait. Liang and Evans (2011) pointed out
that this region is influenced by the SAlI monsoon which acts
independently from the EAWP monsoon.

Similar cases of distinct sea surface patterns at both
sides of an interferential domain were observed at various
places (Tsimplis and Woodworth 1994; Garcia-Lafuente et
al., 2004; Vinogradov and Ponte, 2010, 2011). Where two re-
gions are connected, a smooth pattern transition is expected.
Indeed, Singapore Strait sea level records (Fig. 5b) show
transient SLA features typical for both coasts of the penin-
sula with a node expected between the Raffles Lighthouse
and Tanjong Pagar tide stations, most likely at the narrowest
part of Singapore Strait.

3.2 Interannual sea level variability

For interannual variability of sea level around Peninsular
Malaysia, tide gauge records and satellite altimetry are com-
pared in Fig. 3. Some differences between the two data
sets are expected due to the following reasons. First, the
coarse spatial resolution of AVISO gridded data is 1/4° x
1/4°, whilst tide gauge records reflect local features (e.g.
bathymetry, riverine discharges, and coastal dynamics). Sec-
ond, annual mean sea level values from tide gauges are
mainly deduced from hourly records, whilst those from grid-
ded altimetry products are derived from smoothed data hav-
ing the temporal interval of a day. Lastly, some uncertain-
ties and biases could stem from the fact that the data sources
(AVISO and PSMSL) use different instruments (satellite al-
timeter versus mareograph) and are post-processed by differ-
ent de-tide (harmonic analysis) tools. In spite of these differ-
ences, both data sources show reasonable agreement in the
region with respect to the patterns of interannual variability
(Fig. 3).

Annual sea level in different parts of the domain (for al-
timetry and tide gauge data as well) is highly correlated with
the ENSO index (MEI) as seen in Figs. 7 and 8. Overall, sea
level in the Malacca Strait has a strong correlation (—0.63)
with the MEI, being the strongest (—0.67) at Keling tide
gauge. The correlations slightly decrease along the east coast
of Peninsular Malaysia with average correlations of —0.62.
Prominent negative annual SLAs correspond to extreme El
Nifio episodes in the years 1987, 1991-1992, 1997, 2002,
2006 and 2009, whilst sea level peaks are tangible during La
Nifia phases in the years 1988-1989, 1996, 1999 and 2008. In
both cases, the magnitudes of annual SLAs are proportional
to the intensity of ENSO events. During the extreme periods
of El Nifio or La Nifia, annual sea level may rise or fall by
an average 7 cm in both Malacca Strait and the east coast of
Peninsular Malaysia (Fig. 7).

Whilst the ENSO signature is evident in a majority of tide
gauge records along the Malaysian coasts, the 10D signal
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is detected mainly in the Malacca Strait, with two promi-
nent events linked to the positive phases of 10D in 1994
and 1997. Overall, annual SLAs of up to 5cm coincide with
the extreme IOD events with correlation coefficient —0.57
(Fig. 7). The exact interaction mechanism of the 10D and lo-
cal sea level variability is still not fully understood — likely
the zonal wind-induced equatorial Kelvin waves generated in
the Indian Ocean carry the 10D signal into the Malacca Strait
through the Andaman Sea (Clarke and Liu, 1994; Vinaychan-

Www.ocean-sci.net/11/617/2015/

dran et al., 1999; Mutrugudde et al., 2000; Nidheesh et al.,
2013).

Correlation between annual sea level in the Malacca Strait
and the 10D index (DMI) gradually decreases eastward from
the Andaman Sea toward the Singapore Strait, with the coef-
ficient being —0.61 at Langkawi tide gauge, —0.46 at Kukup,
and —0.01 at Johor station (Fig. 8a). Zooming in on the
Singapore Strait, a sharp reduction in the correlation is ob-
served between Raffles Lighthouse (—0.52) and Tanjong Pa-
gar (—0.17) stations as shown in Fig. 8b. The phenomenon
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is consistent with the separation found in the seasonal pat-
terns of sea level (Sect. 3.1), which may be explained by the
fact that the 10D evolution is locked to the seasonal changes
(Toshio et al., 2003).

Concurrence of ENSO and 10D extremes may strengthen
SLAs. For instance, in 1997 when both MEI and DMI gained
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large positive values, the sea level in the Malacca Strait
dropped more than 11 cm on average (Fig. 7). The sea level
decrease during 1994 was less than in 1997 due to the fact
that the EI Nifio event in 1994 was slightly weaker. The mul-
tiple linear regression analysis indicated that sea level vari-
abilities induced by the ENSO and the 10D were 7 and 5cm,
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respectively, in 1997, whilst ENSO-related sea level change
was 2cm smaller in 1994, Sea level drops of about 10cm
in 1997 were observed at Langkawi, Pinang and Kelang sta-
tions (Fig. 6), as these locations are more exposed to the IOD
governing region (Fig. 8).

3.3 Long-term sea level trend

During 1986-2013, the averaged rates of relative sea
level rise in the Malacca Strait and along the east coast
of Peninsular Malaysia are deduced as 3.6+1.6 and
3.7+ 1.1mmyr" 1, respectively (Table 1); these are simi-
lar to the rate 3.5+ 1.2mmyr—1 observed in the Singapore
Strait. In comparison, the average relative rate for the east
coast of Peninsular Malaysia between 1993 and 2009 is
2.2+2.0mmyr-! (Table 1), which is consistent with the
value of about 2.5mmyr—1 shown in Fig. 3 of Peng et
al. (2013). However, both relative rates from our study and
those of Peng et al. (2013) are roughly 0.5-1.0mmyr—1
smaller than the values observed from satellite altimetry (Ta-
ble 1, this study; Fig. 2 of Peng et al., 2013) for the same
period. The difference is mostly due to the vertical motions
at tide gauge sites whose average rate has the same magni-
tude (0.9 mmyr—1) in the east coast of Peninsular Malaysia
(Table 1).

Considering that sea level records from the tide gauges
are more accurate locally than satellite altimetry, the continu-
ous observations of VLM are important. Taking into account
the VLM, rates of geocentric sea level rise obtained from
tide gauges for the 1986-2013 period are 4.4 4 3.1mmyr—1
in Malacca Strait, and 4.6+2.5mmyr! along the east
coast of Peninsular Malaysia, as shown in Table 1. For
the common period 1993-2009, both the altimetry data and
corrected tidal records exhibit similar geocentric sea level
rise rates. Observations from satellite displayed the rates
2.7+1.2mmyr~! (Malacca Strait) and 2.7 +£1.6mmyr~1
(east coast of the peninsula), whilst these from tide stations
demonstrated the rates 3.2 +4.6 and 3.1+ 3.0mmyr—1, re-
spectively. These regional rates are similar to the global
trends derived from tide gauges (2.8 + 0.8 mmyr—1, Church
and White, 2011) and satellite altimetry (3.3 +0.4mmyr—1,
Nicholls and Cazenave, 2010) for the same period. The above
result also suggests that the corrected sea level rise rate is
about 25% faster than the relative rate measured at tide
gauges around the peninsula.

Lack of VLM measurements is a common problem in esti-
mating sea level trend from tidal records. A major limitation
of the current approach is that the present regional network
of GPS stations was sparse and data were only available dur-
ing 1994-2004, which causes high uncertainty in the geo-
centric rate derived from tide gauges. In the case of missing
data, VLM can be inversely estimated from the difference be-
tween the sea level change rates measured by satellites and
tide gauges (Fenoglio-Marc et al., 2012; Yildiz et al., 2013),
but more vertical motion observations (e.g. 10C, 2012) and
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improved technique to compute the VLM observed from dif-
ferent GPS locations and during different time frames at the
sites of tide stations are needed to enhance this approach.

4 Conclusions

Tide gauge records, satellite altimetry and VLM as well as
climate proxies are used to quantify sea level trend and vari-
ability along the Malaysian peninsula coasts. Allowing for
corresponding VLMs (0.8+ 2.6 and 0.942.2mmyr—! up-
lift) during 1986-2013, geocentric sea level rise rates in
the Malacca Strait and along the east coast of Peninsular
Malaysia are found to be 4.4+3.1 and 4.6 +2.5mmyr1,
respectively. For the common period 1993-2009, geocentric
sea level rise rates obtained from tide gauges and satellite al-
timetry along the Malaysian coast are similar, and they are
comparable with the global trend.

At interannual scale, sea level variability around Peninsu-
lar Malaysia is synchronized with ENSO, whilst variations
with 10D are observed mainly along the Malacca Strait. Sea
level falls coincide with El Nifio events, whilst the rises are
correlated with La Nifia episodes; both extremes are in the
range of &6 cm. The interannual SLAs are correlated with
MEI with a coefficient of —0.63 at both side of the penin-
sula. In the Malacca Strait, sea level variability in the range
of £5cm is further correlated with DMI with coefficient
—0.57. At annual scale, SLAs around Peninsular Malaysia
are mainly monsoon-driven, of the order of 5-25cm. Sea
levels at eastern and western coasts respond differently to
the Asian monsoon, having a prevailing semi-annual cycle
in the Malacca Strait, due to the SAl monsoon, but an annual
cycle in the remaining region, mostly due to the EAWP mon-
soon. At seasonal to interannual scales, we observe separa-
tion of the sea level patterns between the Raffles Lighthouse
and Tanjong Pagar stations, likely caused by a dynamic con-
striction in the narrowest part of Singapore Strait.
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