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Abstract: The sea level trend in the equatorial Malacca Strait is a significant issue that needs to be
reviewed since it is an area of interest. Assessing its future impact on estuarine tidal characteristics is
worth studying because it relates to the potency of coastal damages. This study aimed to discuss the
relationship between sea level variations and anomalies and their possible triggering factors and to
estimate the future impacts on the tidal properties in the estuarine zone. Tide gauge and altimetry
data in the Tanjong Pagar site were used to assess the sea level trends over 27 years of observation
(from 1992 to 2019). Both altimetry and tide gauge data showed an upward trend, with 0.24 cm/year
and 0.39 cm/year, respectively. Due to the near-equatorial area of interest, sea level variability is more
synchronized with ENSO rather than IOD. At some points, ENSO shapes the sea level fluctuation,
with an R? of less than 10%. For specific periods, the coupling effects between MJO and La Nifia may
trigger higher evaporation in the maritime continent, triggering increasing sea levels. Of particular
concern, among the other assessed factors, the zonal currents and winds (wind-driven currents)
are strongly correlated with sea level variations, primarily during the NE monsoon and the second
transitional periods, with a determination coefficient of about 18-36%. As a result of sea level rises, it
is estimated that tidal constituent amplitudes will increase by about 8.9% and 18.3% in 2050 and 2100,
respectively. The increase in tidal range will possibly relate to the tidal bore passage in the Kampar
estuary. Therefore, more advanced hydrodynamic modeling is necessary to determine the impact of
sea level rises on tidal bore generation.

Keywords: sea level trend; MJO; zonal currents; tidal properties; Kampar estuary

1. Introduction

The Malacca Strait is a funnel-shaped channel between the eastern coast of Sumatra (In-
donesia), Peninsular Malaysia, and Singapore; it is an area of significance for international
shipping lanes, fishery resources, maritime heritages, and economic interest, connecting
the Indian and Pacific Ocean [1,2]. However, recent global climate change issues have im-
pacted the Malacca Strait region, as shown by increased sea surface temperature and level
trends [3]. In terms of sea level change in the Malacca Strait, many reports demonstrating
the increase trend tendency in sea level have been established, whereby based on the latest
records, the rate of sea level change has reached 0.46 cm/year [4,5].

Primary causal factors that trigger the sea level rises are ocean circulation variability
and climatic factors (El Nifio-Southern Oscillation—ENSQO; Pacific Decadal Oscillation) [4].
Several studies have reported that, at the interannual scale, sea level variability is cor-
related with ENSO and IOD (Indian Ocean Dipole), and its rises are correlated with La
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Nifia and a negative IOD index [4,5]. Another study explained that sea level anomalies
(SLAs) in the Malacca and Singapore Straits are significantly different and controlled by
the Indian Ocean and the South China Sea [6]. On the other hand, within 27 years of
observation, sea level rises in the Malacca Strait and Eastern Peninsular Malaysia ranged
from 0.32 to 0.36 cm/year, significantly determined by the variability of ENSO and IOD [7].
These previous studies only compared the sea level variability with IOD/ENSO. This
creates a consideration about how significantly the other climatic-oceanographic factors
could trigger rising sea levels. Therefore, in addition to IOD and ENSO, the influence of
ocean circulation and other climatic factors, such as Madden Julian Oscillation (MJO), on
sea level variations in the equatorial Malacca Strait are worthy of assessment. Moreover,
the report on sea level trends in the Malacca Strait needs to be reviewed to estimate future
impacts in the surrounding coastal areas.

Concerning coastal areas, several cases of coastal damage (coastal instability and
inundation) have been reported due to sea level rises. Overall, 50% of the west coast
of Peninsular Malaysia is critically eroded, with a shoreline retreat of about from 1 to
100 m/year [8]. Furthermore, 40% of the Peninsular Malaysia shoreline is categorized
as highly vulnerable to coastal hazards and disasters [9]. On the other hand, a study
reported seawater inundation in several areas on the eastern coast of Sumatra [10]. These
conditions show that the long-term impact of sea level rise would be massive on coastal
regions. In addition to land subsidence tendencies, sea level changes significantly trigger
coastal inundation and flooding, even changing the properties of seawater. According
to [11,12], the closest impacted oceanographic parameter due to sea level change is tidal
characteristics, whereby the variability of tidal constituent amplitudes and phase lag is
determined by sea level as reported by [13]. Therefore, changes in tidal properties in the
coastal area caused by the sea level anomaly in the equatorial Malacca Strait are crucial to
study since it relates to coastal damage and instability.

Another implication is that rising sea levels could amplify the estuarine area’s tidal
range [14]. As previously introduced, on the eastern coast of Sumatra, there are several
significant tidal-dominated estuaries [15,16]. One of them is the Kampar estuary, which
is the most extensive estuarine system in the equatorial Malacca Strait. The presence
of a hydraulic jump-induced tidal bore in Kampar River reliant on the tidal range has
previously been elucidated [16]. Sea level change tendencies are supposed to alter the
tidal regimes in the estuary of Kampar, which has never been discussed. Therefore, this
study assesses the seasonal correlation between climatic-oceanographic factors (ENSO,
IOD, surface temperature, zonal currents and winds, and MJO) and the sea level variations
in the equatorial Malacca Strait. As for understanding the future impacts, the influence
of sea level change on tidal regimes in the Kampar estuary should also be investigated.
Therefore, this study aims to review the sea level trend in the equatorial Malacca Strait,
examine the most prominent factor in triggering sea level variability, and estimate the
impact of sea level rises on the tidal properties in the Kampar estuary.

2. General Overview of the Malacca Strait

The Malacca Strait is a water channel connecting the Andaman Sea (Indian Ocean)
and the South China Sea (Pacific Ocean) [1,17]. It is situated between two primary lands,
the eastern coast of Sumatra (Indonesia), and the western coast of Peninsular Malaysia,
with an area of about 65,000 km?. A funnel-shaped formation of the Malacca Strait lies
along 800 km. The channel width is about 65 km in the south and reaches 250 km in the
north [18] (Figure 1A).
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Figure 1. The assessed area is indicated by a red square (A) and the cross-section of Malacca Strait’s
bottom morphology (B). The red triangle denotes the position of the tide gauge measurement and
sampled altimetry data.

The bathymetry profile in the southern part of the Malacca Strait is relatively shallow,
approximately 37 m. It gradually deepens toward the northwest, reaching about 200 m,
where the strait merges with the Andaman Sea [18]. Details of the bottom morphology
in the southern gate, northern gate, and the middle of the Malacca Straits are shown in
Figure 1B. In the northernmost area, the bottom morphology profile is steeper in the west
boundary (reaching 300 m depth near Aceh Province) and becomes declivous toward
the western coast of Malaysia (about 0-100 m depth). A contrary bathymetry profile is
identified in the middle of the strait, where the declivous profile on the western side does
exist, characterized by a less than 10 m depth and an irregular steep bathymetry in the
eastern land boundary, with a depth ranging from 10 to 40 m. More arbitrarily erratic
bottom morphology exists in the southern gate of the strait, ranging from 5 to 40 m. In
addition to shaping the bottom morphological profiles in the shallow water area, numerous
isles, some fringing reefs, and sand ridges exist within the strait, hampering the water mass
flow from the southern entrance to the strait [1,17]. The sand ridge formation is induced by
the material accumulation derived from large estuaries on the eastern coast of Sumatra [19].

Geologically, the Malacca Strait is part of the Sunda Shelf (an extensive, low-relief
land surface from about 2.6 million years ago). It has remained undisturbed by crustal
movements for the past 7 million years [20]. Another record elucidates that the current
configuration of the strait is due to the inundation induced by the postglacial rise of the sea
level due to the melting of land ice in higher latitude regions [21]. The coastal swamp for-
mation characterizes both primary lands, whereby the low-slope swamp forest is arranged
on the eastern coast of Sumatra with a high accumulation of sediment (sedimentation
tendency) due to large estuaries [19].

The climate condition in the Malacca Strait is commonly hot and humid, characterized
by the monsoon system (the northeast monsoon during winter and the southwest monsoon
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during summer) [1-7,17,18,22,23]. The average rainfall intensity ranges from 1930 to
2570 mm [17]. The sea surface temperature in the strait ranges from 28.4 to 31.1 °C [18].
The annual surface current flow is commonly directed toward the northwest (Andaman
Sea) since the sea surface elevation is always higher in the South China Sea, bringing a high
salinity toward the Malacca Strait during the northeast (NE) monsoon and low salinity
from the Java Sea during the southwest (SW) monsoon [22]. A lower salinity is found
within the strait due to the substantial discharge from large estuaries on the eastern coast
of Sumatra [23].

3. Materials and Methods
3.1. Data Acquisition

To review the sea level trend in the equatorial Malacca Strait, we used the approximate
27-year sea level data (1992-2019) measured using altimetry satellites and tide gauges,
provided by The Sea Level Explorer established by the University of Colorado Boulder,
the University of Hawaii Sea Level Center, and NASA Jet Propulsion Lab., web page:
https:/ /ccar.colorado.edu/altimetry/ (accessed on 18 February 2022) [24]. The tide gauge
data were provided by the University of Hawaii Sea Level Center (UHSLC) [25], while the
altimetry data were sourced from the Propulsion Lab’s Physical Oceanography Distributed
Active Archive Center (PODAAC) [26]. The tide gauge position and the sampled altimetry
data are in Tanjong Pagar, Singapore, with the coordinates 103.9167° East and 1.2500° North
(Figure 1).

The Dipole Mode Index (DMI) and Southern Oscillation Index (SOI) data retrieved
from https://psl.noaa.gov/data (accessed on 19 February 2022) were employed to de-
termine the states of IOD and ENSO, respectively, and to assess their influence on sea
level variation in the study area. On the other hand, as we considered the influence of the
zonal current on sea level, which has never been assessed to date, the Global Observed
Ocean Physics 3D Quasi-Geostrophic Currents (OMEGA3D) data were used to prove the
hypothesis of the zonal current’s influence in the equatorial Malacca Strait. Copernicus
provides weekly data with a grid resolution of 1/4° [26], retrieved from the following
webpage: https://data.marine.copernicus.eu/ (accessed on 2 December 2022). We also
employed a monthly sea surface temperature (SST) and 10m u-component of the wind of
ERAS with a horizontal resolution of 0.25°. These data are provided by the Copernicus
Climate Change Service (C3S), Climate Data Store (CDS) [27], retrieved from the following
webpage: https://cds.climate.copernicus.eu/ (accessed on 26 January 2023).

Since the study area is around the equatorial line, the influence of MJO may be strong
during the peak level of sea level anomalies over 27 years. Thus, we will address the
possible effect of MJO on triggering the significant sea level anomalies in this study. The
seasonally independent index to observe the MJO is the Real-time Multivariate MJO series
1 (RMM1) and 2 (RMM?2), determined based on a pair of empirical orthogonal functions
(EOFs) of the combination between mean near-equatorial 850-hPa zonal wind, 200-hPa
zonal wind, and the satellite-derived outgoing longwave radiation (OLR) [28]. The Real-
time Multivariate (RMM) index was retrieved from http:/ /www.bom.gov.au/climate /mjo/
(accessed on 19 February 2022) [29].

3.2. Statistical Analyses

We employed a linear regression analysis in this study to assess the correlation be-
tween the sea level recorded by the tide gauge and altimetry. Moreover, the same method
was also applied in assessing the influence of climatic-oceanographic factors on sea level
variation in the study area. A linear regression algorithm estimates the outcome of future
events by establishing a linear relationship between an independent and a dependent vari-
able [30]. This method is a supervised learning algorithm that predicts numerical variables
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by simulating a mathematical relationship between variables [31]. Mathematically, the
linear regression function is represented by a slant line explained by the following equation:

Y=mg+mX+e €))

where

Y = predicted value of the dependent variable (target) for any given value of the indepen-
dent variable;

X = the independent variable (the variable that we expect influencing Y);

mg = the intercept, the predicted value of Y when the X is 0;

m1 = the regression coefficient or scale factor;

e = the error of the estimation.

In addition to the prediction function, the regression model employs a cost function to
optimize the weights in the form of root means square error/deviation (RMSE/RMSD).
RMSD is defined as the average squared difference between the observed and predicted
values. The output is typically a single number that represents the cost, or score, associated
with the current set of weights [32]. The RMSD value shows the accuracy of the regression
model as follows:

1 1/2
RMSD = (N > (i - y)2> @)

i=1
where

N = total number of observations (data points);
y = estimated value of a model;
y; = the actual value of observation.

Another statistical analysis we used in this study along with the linear regression
results is the analysis of variance (ANOVA). ANOVA is a framework that provides knowl-
edge about the levels of variability within a regression model and serves as the foundation
for tests of significance [33]. It is similar to linear regression, but one significant difference
is that regression is used to predict a continuous outcome based on one or more continuous
predictor variables [34].

3.3. Estimating the Sea Level Projection Impacts on Tidal Characteristics in Estuarine Zone

Concerning the impact of the sea level upward trend on the tidal characteristics in the
estuarine area, we employed classic hydrodynamic modeling (applying a NAO99b and
ERG models) that was previously used in the estuarine zones by the authors of [15,16]. After
quantifying the tide gauge-based sea level linear trend of 0.39 cm/year over 1992-2019, the
tidal model is re-simulated considering the sea level rise projection of about 12.09 cm and
31.59 cm in 2050 and 2100, respectively. In this stage, the mean sea level over 1992-2019
from tide gauge measurement is frequency-analyzed to determine the average value, which
is then tabulated to the expected sea level rise [35]. It should be noted that the sea level
rises future estimations are based on the actual trend for 27 years of sea level observation
in the equatorial Malacca Strait. However, since we used a linear projection of the actual
assessed data, different results and conditions in the future are possible.

In addition to the model’s accuracy, it was tested by comparing field-measured surface
elevation data recorded in the mouth of the Kampar estuary (equatorial Malacca Strait)
during April and August 2016 [16]. The root means square error (RMSE) gained from this
model simulation was less than 5 cm and 30° for tidal constituent amplitudes and phase
lags, respectively, meaning that the model used could represent the field condition with a
slight tolerance of uncertainty value.



Climate 2023, 11,70

6 of 21

Sea level (cm)

-40
23/10/1992

4. Results and Discussions
4.1. Sea Level Trends in the Equatorial Malacca Strait over 27 Years of Observation

Over 27 years, the sea level in the equatorial Malacca Strait showed an upward trend
in terms of both the altimetry and tide gauge data (Figure 2). The sea level trend based
on the tide gauge record was 0.39 cm/year, and the altimetry exhibited a lower trend
with a deviation of about 0.15 cm/year. The overall root means square deviation (RMSD)
between those data is 0.788 cm, whereby a significant noise signal extracted from altimetry
was detected from 2012 to 2018. Based on the linear regression analysis, the correlation
coefficient of those two compared data sources is 0.78, with an R? of about 0.61, showing that
these data are strongly correlated. Moreover, based on the analysis of variance (ANOVA)
test, the examined SLA data are reliable (statistically significant) with a significance F of
about less than 0.05 (5%).

20/05/1999 14/12/2005 10/07/2012 04/02/2019

Observation Period

—— Altimetry - - - Tide Gauge ~ ——> Linear (Altimetry ) Linear (Tide Gauge )

Figure 2. Sea level variations derived from altimetry vs. tide gauge measurement (RMSD = 0.788 cm).

Generally, the sea level measured by the tide gauge is higher than that measured with
altimetry with a deviation of about 5-15 cm at certain times during the peak phase of sea
level, such as in December 1993, February 1995, December 2006, December 2011, December
2013, and December 2017. The highest deviation was in December 2006, reaching 15 cm. In
contrast, except for the erratic low phases during 2012-2018 (7-10 cm sea level deviation),
there was no significant deviation between the tide gauge and altimetry during the low
phase of sea level.

The sea level trends over 1992-2019 for altimetry and the tide gauge data were
0.24 cm/year and 0.39 cm/year, respectively. The annual amplitude detected was not
too different, with a deviation of 0.5 cm. By contrast, the semi-annual amplitude detected
by tide gauge measurement was 0.66 cm higher than the altimetry data (Table 1). A greater
deviation in the sea level trend detected by the altimetry satellite and the tide gauge is
observed by breaking down the period of the recorded data. During 1992-2009, the trend
yielded by altimetry was 0.22 cm/year, and the tide gauge displayed a significant increase
of 0.45 cm/year. However, the annual and semi-annual amplitudes were similar during
the overall observation period, with around 13 and 2 cm, respectively.
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Table 1. Sea level trend over the period of study.

Observation Period

1992-2019 1992-2009 2009-2019

Source Altimetry Tide gauge Altimetry Tide gauge Altimetry Tide gauge
Trend (cm/year) 0.24 0.39 0.22 0.45 —0.18 —0.03
Annual Amplitude (cm) 12.96 13.46 13.06 13.42 12.53 13.73
Semi-Annual Amplitude (cm) 1.82 2.50 1.79 2.66 2.29 2.38

More interestingly, from 2009 to 2019, the data demonstrated a downward trend, even
though the decreased trend was not too considerable, with —0.18 and —0.03 cm/year for
altimetry and the tide gauge, respectively. The annual and semi-annual amplitudes during
this period were slightly different compared to the 1992-2019 and 1992-2009 periods, with
a deviation of less than 1 cm. Despite the problematic comparison between altimetric and
tide gauges due to the difference in the vertical reference system, many review papers have
explained the efforts to validate satellite-derived sea levels with tide gauge data [36].

As stated, there is a gap between the tide gauge and altimetry in determining the
sea level trend and anomaly. The other records of sea levels with different periods and
methods show mixed results (Table 2). Overall, except for the eastern coast of Sumatra
and the South China Sea, the sea level upward trend in the surrounding Malacca Strait
is less than 0.5 cm/year. On the west coast of Peninsular Malaysia, the average sea level
trend is about 0.26 cm/year [6,37]. Unlike the present study, the altimetry data show a
higher trend than the tide gauge measurement, reaching 0.41 cm/year. Due to the different
stations, calculation methods, and vertical reference, the gap value gained at the same area
is possible [36].

In the Malacca Strait, the estimated sea level trend ranges from 0.24 to 0.36 cm/year,
with an average of approximately 0.3 cm/year [4,7]. Due to the need for tide gauge
measurements on the eastern coast of Sumatra, where there are no stations to date, the
estimation of the sea level trend in the Malacca Strait is less represented, with only data
recorded on the western coast of Peninsular Malaysia. Therefore, a long-term sea level
observation is necessary on the eastern coast of Sumatra since several cases of seawater
inundation in the coastal areas have been reported [38]. On the other hand, the estimation
of sea level trends on the eastern coast of Sumatra has previously been established by [39],
whereby, based on 21-year altimetry data, the sea level trend is sufficiently high, ranging
from 0.48 to 0.56 cm/year.

Closer to the equatorial line (Singapore Strait), the sea level trend ranges from 0.12 to
0.46 cm/year. This result is on the same page as the present study, whereby the trend ranges
from 0.24 to 0.39 cm/year. A downward trend detected in this present study indicates that
a lower trend in sea level may occur, proven by the latest ten years of sea level records in
this area, with a downward trend reaching —0.18 cm/year (Table 1). In contrast, another
study detected a sufficiently higher trend in the South China Sea, with 0.55 cm/year [40].
Since the transport mechanism between the South China Sea, Indian Ocean, and Malacca
Strait considerably relate to each other, we consider several climatic-oceanographic factors
that potentially determine the variability in the sea level in the Malacca Strait. Moreover, it
is necessary to observe the seasonal sea level variability to better depict the peak episode of
sea level and its impact on the coastal area. We will address all those considerations in the
following subsections.
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Table 2. Reports of sea level trend in the surrounding Malacca Strait.
Location Sea Level Trend Measurement Period Measurement Method Source
West coast of . .
Peninsular Malaysia 0.2 cm/year 1993-2008 Tide gauge data Ami et al. (2012) [38]
West coast of 0.14-0.41 cm/year 1993-2008 Altimetr Ami et al. (2012) [38]
Peninsular Malaysia ’ Slem/yea ey etak g
West coast of 0.29 cm /year 1992-2006 Tide gauge data Tay et al. (2016) [6]
Peninsular Malaysia ' y saug y '
Malacca Strait 0.36 cm/year 1986-2013 Tide gauge data Luu et al. (2015) [4]
Malacca Strait 0.24 cm/year 1984-2011 Tide gauge and Luu et al. (2015) [7]
altimetry
Singapore Strait 0.12-0.17 cm/year 1975-2009 Tide gauge data Tkalich et al. (2013) [5]
Singapore Strait 0.19-0.46 cm/year 19842009 Tide gauge data Tkalich et al. (2013) [5]
Riau-Indonesia 0.48-0.56 cm /year 1993-2014 Altimetry Ariana et al. (2017) [40]
South China Sea 0.55 cm/year 1993-2009 Altimetry and gravity Feng et al. (2012) [41]

4.2. Interannual Comparison of Sea Level vs. Climatic—Oceanographic Factors

Figure 3A shows an interannual comparison between sea level and DMI-SOL. The
positive mode of IOD induces higher air pressure centered in the Indian Ocean and vice
versa for the negative phase of IOD, triggering the westerly wind to flow eastward and a
higher sea level in the eastern Indian Ocean [41]. These mechanisms possibly impact the
Malacca Strait channel via the Bay of Bengal, even though the influence is insignificant.
Another study [42] stated that the ENSO-related SLA predominates in the South China Sea
during specific periods. However, the influence becomes less significant at an 8-month
lag time.

Due to the near-equatorial area of interest, sea level variability is more synchronized
with ENSO rather than IOD. The low phase of sea level coincides with the El Nifio event
(prolonged period of negative SOI), such as at the end of 1992, during 1993-1994, 1997-1998,
and 2017. During these periods, the SOI value reached —3, even though the fall phase of
the sea level was not too significant, less than 20 cm. By contrast, La Nifia episodes correlate
with the high phase of sea level (denoted by the protracted positive SOI value), such as
during December 1999, 2006, and 2011, where the peak phases of sea level were observed
by a tide gauge in the study site, reaching 40 cm.

We also identified an opposite condition where the ENSO did not solely control the
sea level state in the equatorial Malacca Strait, such as in June 1996 and December 2017
(Figure 3A). According to this state, other climatic factors, such as MJO, may trigger the
SLA. In addition to the influence of IOD, several studies showed that sea level variation
with IOD is commonly more substantial along the Malacca Strait channel [4,41].

Concerning sea surface temperatures (SSTs), many scholars have proven the substan-
tial assimilation variability between SSTs and sea level variations [43,44]. However, we
did not see this correlation in the equatorial Malacca Strait. Over 27 years of observation,
the SSTs in the equatorial Malacca Strait ranged from 25.62 to 30.69 °C (Figure 3B). More
interestingly, during the northeast monsoon of 1998, the lowest temperature reaching 26 °C
was detected and peaked at 31 °C in the following period. However, after that period, the
SST fluctuation seemed more uniform and stable (ranging from 29 to 30.5 °C). The SST
and sea level data comparison are in the opposite modulation, tending to have an inverse
response to ENSO (Figure 3B). As reported by [3], the SST in the South China Sea reaches its
maximum with a 5-month lag after the mature phase of El Nifio, while the sea level lowers
within a 4-month phase lag. These conditions are supposed to influence SST variability in
the equatorial Malacca Strait since the current flow seasonally enters the Malacca Strait via
the southern channel due to a higher elevation in the South China Sea [22].
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Figure 3. Interannual comparison of sea level anomaly data with climatic-oceanographic factors; sea
level vs. DMI_SQOI (A); sea level vs. SST (B); sea level vs. zonal currents (C); and sea level vs. zonal
winds (D).

The detection of SST is commonly approached from the surface seawater temperature.
On the other hand, the sea level is supposed to relate to the heat expansion of seawater in
all of the ocean layers. A study revealed that SOI and seawater temperature are negatively
correlated in the surface layer and vice versa below the depth of 75 m. The thermosteric
sea level anomalies are strongly controlled by seawater temperature in the intermediate
layer [3]. It does make sense why the modulation of surface SSTs and sea level tends to
be contrary. Thus, an advanced analysis regarding the vertical variability and correlation
analysis of seawater temperature and sea level is necessary for further studies.

We observed a strong modulation pattern between zonal current and sea level in the
study area (Figure 3C). Of particular concern before further discussing the zonal currents,
it should be noted that the positive (negative) current magnitude did not solely show the
currents’ high (low) speed. However, the positive zonal currents show the predominance
of eastward motion, while the negative magnitude of zonal currents shows westward
movements of the water masses. These terms are also applicable to zonal wind data.
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Overall, the westerly zonal current flow in the equatorial Malacca Strait coincided
with increasing sea levels and vice versa for the negative zonal current profiles (flowing
westward), ranging from —0.3 to 0.76 m/s. However, we identified several inconsistent
patterns during the second transitional and northeast monsoon. The highest water mass
transport typically occurred during the northeast monsoon as the westerly current flowed
into the equatorial Malacca Strait due to the sufficiently high deviation in sea surface
height [2,18,19,22]. Following these zonal currents patterns, the upward sea level phase
generally coincided with eastward transport. Therefore, it seems as though the equatorial
Malacca Strait becomes the accumulation center of water mass flow between the Indian
Ocean via the Andaman Sea, the South China Sea, and the Java Sea, resulting in higher sea
levels during the northeast monsoon [18].

Due to solid modulation patterns between zonal currents and sea levels, we considered
assessing the zonal winds in the equatorial Malacca Strait. Overall, the westerly zonal
winds (moving eastward) coincide with high phases of sea levels and vice versa for the
easterly zonal winds (moving westward) and low phases of sea levels, even though during
the peak sea levels, the zonal wind velocities were not too significant and even sometimes
weaker with a magnitude of about one m/s. The strongest zonal winds were observed in
November 1998, reaching 3.2 m/s, while during the other periods, commonly in the NE
monsoon, the maximum velocity ranged from about 2.1 to 2.6 m/s (Figure 3D).

The sea level cross-strait in shallow water formations, such as the equatorial Malacca
Strait, is considerably correlated with zonal winds [45]. The similar modulation pattern of
zonal winds and zonal currents indicates that wind-driven currents significantly shape the
study area’s sea level variations. Moreover, since numerous isles and estuaries characterize
the study area, surface runoff plays a significant role in controlling coastal sea levels due to
the influence of wind-driven circulation, as reported by [46,47]. To assess the correlation
between sea level variability and climatic-oceanographic factors in the equatorial Malacca
Strait, we employed a simple correlation analysis, as discussed in the following subsection.

4.3. Correlation Analysis of Inter-Seasonal Variation of Sea Level vs.
Climatic—Oceanographic Factors

To further assess the influence of climatic-oceanographic factors on triggering SLAs,
we analyzed the inter-seasonal correlation between sea level vs. DMI, sea level vs. SOI, sea
level vs. SST, sea level vs. zonal currents, and sea level vs. zonal winds (Figure 4). Overall,
among all possible factors that significantly trigger sea level anomalies, zonal currents, and
winds are the most correlated factors that seasonally shape the profile of sea levels in the
equatorial Malacca Strait. The high phases of sea level are commonly observed during the
NE monsoon and vice versa for the low phases during the SW monsoon, while during
transitional seasons, the high and low phases of sea level occurred sequentially.

Concerning the correlation analysis between sea level and SOI, 8.2% of the data are
correlated during the first transitional season, while the other periods showed a lower R?
value with 3.9%, 0.5%, and 1.7% for the NW monsoon, second transitional season, and
SW monsoon, respectively (Figure 4A). As previously discussed, the low phases of the sea
level coincide with El Nifio and vice versa for the high phases of the sea level with La Nifia
episodes [4]. However, this state is not applicable for specific times, and at some points,
during the mature phases of El Nifio and La Nifia, these climatic factors significantly shape
the sea level profile in the equatorial Malacca Strait.

We observed a lower correlation value between the sea level vs. DMI, wherein the low
phases of sea level during the SW monsoon are slightly more correlated to the Indian Ocean
Dipole, with an R2 of about 4%, while for the other seasons, the correlation is relatively low,
with R? values of less than 0.5% (Figure 4B). This result indicates that the IOD did not solely
control the sea level variability in the equatorial Malacca Strait. As previously mentioned,
the influence of IOD is more substantial within the Malacca Strait. Therefore, the IOD
control toward sea level is insignificant in the equatorial Malacca Strait (the southern gate
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of the strait). Otherwise, the influence of ENSO and ocean circulation from the South China
Sea and Java Sea on sea level is higher in this zone.
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Figure 4. Intra-seasonal correlation analysis of sea level vs. SOI (A), sea level vs. DMI (B), sea level
vs. SST (C), sea level vs. zonal currents (D), and sea level vs. zonal winds (E).

Many studies have explained that the modulation of SST significantly reflects the sea
level states [48,49]. However, in the equatorial Malacca Strait, the sea level modulation is
contrary to SST fluctuation, as previously discussed. Despite that, the correlation analysis
between sea level vs. STT showed more correlated data during the second transitional
season, with an R? of about 10.45% (Figure 4C), in which mainly high phases of sea level
coincided with higher SSTs (ranging from 28 to 39 °C). While for the other periods, the R
value is approximately 2.3%, 5%, and 4.3% during the first transitional season, NE, and SW
monsoon, respectively.

More interestingly, despite the positive correlation between high phases of sea level
and around a 20 °C SST during the second transitional season, the lowest SST over
1992-2019 (ranging from 25.8 to 27.5 °C) was also observed during the same season, coin-
ciding with low phases of sea level. According to [50], the lower SSTs during the second
transitional season relates to the seasonal southeasterly wind-driven current, transport-
ing cooler SSTs from the South China Sea and the Java Sea, relating to the low phase of
thermosteric sea levels [3].
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We found that zonal-current regimes strongly correlated with sea levels during the
NE monsoon and the second transitional period with an R? of about 19-36% (Figure 4D).
Moreover, the correlation value was approximately 8.3% during the SW monsoon. However,
in the other transitional phases, the correlation tended to be weak (less than 0.1%), whereby
the other triggering factors may influence the anomaly more in terms of sea levels, such as
IOD and ENSO. To date, no studies have demonstrated the influence of zonal currents on
sea levels. Thus, this finding required more advanced reviews and studies to determine the
intra-seasonal and interannual correlation between them.

Concerning the zonal current profile over 27 years of observation (1992-2019), the
high phase (positive) of zonal currents, primarily flowing eastward (eastern Malacca Strait),
always coincided with higher phases of sea level and vice versa for the low phases of zonal
currents, flowing westward and inducing lower sea level phases. According to [51], the
current system in the Malacca Strait is commonly controlled by the monsoon variation
and the higher sea surface height from the South China Sea, generating seasonal cyclonic
and anti-cyclonic eddies, playing a significant role in southeasterly volume transport
predominance, coinciding with low phases of sea level.

Similar to zonal currents vs. sea level correlation analysis, the zonal winds sufficiently
control sea levels in the equatorial Malacca Strait primarily during the NE monsoon and the
second transitional season with an R? value of about 0.18-0.34% (Figure 4E). While in the
other period, the zonal winds did not determine the sea level, with a determinant coefficient
of less than 6%. The same pattern between zonal currents and winds in shaping the sea
level fluctuations indicates that, in the equatorial Malacca Strait, a shallow water area with
numerous isles on it, the influence of wind-driven currents is sufficiently substantial in
controlling water motion and coastal sea levels [47].

We observed a slightly different state during the NE monsoon, whereby the high
phases of the sea level (10-20 cm) coincided with the easterly zonal winds (westward
winds). This state contradicts the zonal current’s influence during the same period, showing
other factors controlling sea currents, such as tides, channel formation, and other kinetic
energy sources [52]. This is why controls of currents and winds over sea level are probably
different even though, modulation-wise, they similarly shape the sea level variability.

4.4. The Possible Influence of Madden Julian Oscillation (MJO) on Triggering SLA

We sampled specific periods to depict the potential influence of MJO on shaping the
sea level profiles (Figure 5). The possibility of MJO determining the significant phases of
sea level was sufficiently high. Except for June 1994 and June 1996 (Figure 5A,B), the strong
influence of MJO on the sea level in the maritime continent (Indonesia Archipelago) during
the northeast monsoon (mainly in December) was detected, shown by the positive value of
RMM1 (the strong influence of MJO on triggering evaporation in the maritime continent)
(Figure 5C-F) [53], affecting sea level variations in the Malacca Strait, while for June 1994
and 1996 (the southwest monsoon), the high phase of sea level is more determined by
prolonged ENSO episodes and zonal transport, respectively.

Concerning April-June 1996 (Figure 5B), although the high phase of sea level was not
too significant, the climatic factors also did not shape this state, shown by the prolonged El
Nifio (negative SOI value), low MJO influence in the maritime continent (RMM1 less than
1.5), and robust positive dipole mode (DMI > 2) (Figure 5). However, ocean circulation,
such as regional wind-driven currents, shows a more substantial effect on high phases of
sea level during this period (see Figure 3). This state also reflects that climatic factors have
less effect on shaping sea level fluctuation. Meanwhile, ocean circulation influence is more
substantial in figuring the regional sea level variations, similar to the equatorial area of the
Malacca Strait.

As previously mentioned, most of the highest upward sea level fluctuations were
generally identified during the NE monsoon. This state considers that MJO-induced
evaporation plays a significant role in determining sea level anomalies. More substantial
MJO frequencies were observed in the Indian Ocean before it finally moved toward the
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maritime continent of Southeast Asian countries, such as in October-November 1999,
October—-December 2006, and October-December 2011 (Figure 5C-E) with an RMM1 value

of about 2-3.
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Figure 5. RMM index-determined MJO during the highest phase of sea level over the period of study;
April-June 1994 (A); April-June 1996 (B); October-December 1999 (C); October—December 2006
(D); October-December 2011 (E); October-December 2017 (F). The layout of MJO data is modified
from [29].

During those periods, the highest phases of sea level coincided with prolonged La
Nifia events, with the positive SOI value ranging from 1 to 3. Therefore, this state possibly
indicates coupling effects between MJO and La Nifa, triggering higher evaporation in the
maritime continent. According to [54], after inducing evaporation in the Indian Ocean
region, the MJO will usually move in a clockwise direction (from west to east). MJO
variability relates to warm pool generation in the eastern Indian Ocean, whereby it moves
eastward as the westerly wind drifts in the equatorial line, inducing thick cumulus cloud
formation and high rainfall intensity caused by warming-induced evaporation [55].
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By contrast, in the middle of October 2017, when the sea level increased by about
10 cm from the previous high phase, a robust MJO frequency in the maritime continent was
detected with an RMM1 value of 3.5. During the same time, prolonged El Nifio episodes
occurred, whereby the SOI value was negative (reaching —3) (Figure 5). This anomaly
suggests that the ENSO system did not solely determine the pattern of sea levels. However,
the high value of RMM1 and the increase in zonal current velocity shape the sea levels
during this peak phase period.

In November 2017, the RMM index showed a weak frequency of MJO where the RMM
value was within the center circle, meaning that it is arduous to discern MJO using the
RMM method [56]. However, in early December 2017, the RMM index showed sufficient
predomination in the maritime continent with an RMM1 value of about 1.5 (Figure 5E).
Indeed, the climate processes in the equatorial Malacca Strait are multi-scale and com-
plex [57]. Therefore, the interaction between climatic factors may have a specific influence
on and affect the period of sea level anomalies, as sometimes, their control over sea level
and other parameters, such as SST and chlorophyll-a, is a “seesaw” [42,58].

We tested the seasonal sea level data compared with RMM1 data using regression
analysis to determine the seasonal influence of MJO on triggering sea level variability. The
results show that these data are not correlated, with a correlation coefficient of less than
0.2 and an R? (coefficient determination) of about 20% (Table 3). Of particular concern,
the correlation between MJO and sea level was stronger during the NE monsoon and the
second transitional season than the other periods, with an R2 0f 0.022 and 0.021, respectively.
This is supported by the values of standard error that are smaller during these periods,
showing higher confidence in regression analysis. On the other hand, based on the ANOVA
test, the value of significant F is generally more than 0.05, indicating that the variables tested
are not statistically significant (unreliable).

Table 3. Regression analysis of inter-seasonal SLA vs. RMM1 data.

Season Multiple R R? Standard Error  Significance F
NE Monsoon 0.152 0.022 5.598 0.179
First Transitional 0.135 0.018 7.708 0.227
SW Monsoon 0.126 0.015 8.225 0.258
Second Transitional 0.146 0.021 4.563 0.193

4.5. Future Impacts of Sea Level upward Trend on Tidal Properties in the Kampar Estuary
4.5.1. Estimated Changes in Tidal Harmonic Constituents

This subsection will discuss the estimated amplitudes and phase lags changes of every
dominant tidal constituent in the Kampar estuary, where the prediction is compared to
a previous measurement in 2016 [16]. As previously reported, the Kampar estuary is a
tidal-dominated estuary with prolonged ebb tidal currents and semidiurnal predominant
co-tidal constituents [16]. Based on that, the semidiurnal (M, and S,) constituents are
expected to have a more substantial alteration due to the sea level rise impacting water-
mass transfer within estuaries in the Malacca Strait [59]. However, we also consider the
diurnal and shallow water tidal components (K;, O;, My, and MSy) to determine their
response to sea level rises. These are important in developing tidal characteristics in the
estuary of Kampar since the mixed tide with prevailing semidiurnal characterizes it.

Table 4 shows the co-tidal amplitudes and phase lag between the tidal data measured
in 2016 and the estimated data in 2050 and 2100. Overall, the tidal constituent amplitudes
will increase by about 8.9% and 18.3% in 2050 and 2100, respectively. By contrast, the phase
lags decrease by approximately 3.2% and 8.6% in 2050 and 2100, respectively.
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Table 4. Tidal constituent amplitude and phase changes in the estuary of Kampar as a response to
sea level trends.

Amplitude (cm) Phase Lag (°)
Tidal
Constituents Measured in Estimated in Estimated in Measured in Estimated in Estimated in
2016 2050 2100 2016 2050 2100
M, 115.74 125.53 134.69 164.77 156.75 152.75
S 55.80 58.26 61.83 49.92 47.65 44.65
Ky 34.19 36.96 38.17 50.56 49.95 46.95
Oy 27.57 29.62 31.53 69.69 67.43 62.43
My 15.02 16.32 17.43 20.41 19.39 17.39
MSy 12.01 14.02 16.89 170.24 169.45 167.45

Sampling site: Kampar River estuary (Longitude: 102.2253° East, Longitude: 0.5060° North).

As the most prominent constituents, it is estimated that the M, and S, amplitudes will
significantly increase by, on average, 10 and 4 cm in 2050, and it will double in 2100 with the,
respectively, increased elevation of 19 cm and 9 cm compared to the 2016 measured data.
Since the mixed tide predominates the Kampar estuary with prevailing semidiurnal, the
diurnal components are supposed to influence the surface elevation in the study area [16].
Even though the influence is insignificant, the alteration to the diurnal co-tidal component
due to sea level rises should be investigated. K; and O; amplitudes are estimated to be
slightly increased by about 4 cm in 84 years.

On the other hand, the shallow-water tides yielded from M, and S, interactions
(M4 and MSy) exhibited a slight increase in amplitude by about 2 cm and 4 cm in 2100,
respectively. These tidal constituents propagate in coastal and estuarine areas when the
tidal range is no longer significant, generating new over-tide waves and even contributing
to tidal asymmetries [14,60,61]. This state is supposed to play a substantial role in the
hydraulic jump-off tidal bore. The increase in the amplitude of the predominant tidal
constituent will impact the generation of the tidal bore in the Kampar River. However, an
advanced modeling approach is necessary to precisely determine the impact of sea level
rises on tidal bore in the study area.

According to [14], despite the tidal amplitude determining the tidal type, the phase
lag yielded from harmonic analysis characterizes the tidal range cycle. As stated at the
beginning of this subsection, the tidal phase lag value tends to decrease by about 1 to 8°
over time within the influence of sea level rises. Based on the estimated value of tidal
phase lag, the M, and MS; constituents resolve 360° more rapidly because they could
complete about 170° within an hour, while the other components will be slower than that.
Concerning the tidal current in the study area, even though under the scenario of sea level
rises, it does not change the tidal current characteristics of the Kampar estuary, whereby it
is characterized by an intense and more prolonged ebb current (ebb dominant) with the
value of 2gM—gM, ranging between —90° and 90° [16,62].

4.5.2. Sea Level Rising Trend Implication to Amplified Tidal Range in the Estuary
of Kampar

By further overlooking the impact of sea level rises on the tidal range throughout
the Kampar estuary, we identified tidal range amplification in the estuarine zone (about
56 km from the mouth of the estuary) (Figure 6). The estimated increase in tidal range is
about 27 cm and 69 cm in 2050 and 2100, respectively. In the equatorial Malacca Strait,
the tidal range amplification due to sea level rises is insignificant in 2050, with a slightly
increased range, while rather significant amplification is expected to occur in 2100 with a
32 cm increase in tidal range.
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Figure 6. Estimated tidal range amplification in the estuary of Kampar as a response to sea level
trends in the equatorial Malacca Strait.

At the mouth of the estuary, the tidal range is lower than in the Malacca Strait due
to the sudden shallow bottom morphology, lowering the tidal amplitude [63]. The tidal
range is not significantly altered by the influence of sea level increases, with approximately
20 cm. This state also applies in the upstream area where the tidal range amplitude is no
longer significant. According to [16], in the upstream zone of the Kampar estuary, the
tidal wave propagation (tidal bore) weakens due to the super shallow water area inducing
higher bottom shear stress, hampering the water motions toward upstream, and suspended
sediment deposition is predominant.

Concerning tidal range amplification in the estuarine system due to sea level rises,
the result previously elucidated is consistent with the previous study identifying the
considerable impact of sea level rise on the tidal range within a funnel-shaped channel,
where the sea level rise generally reduces the tidal range at the mouth and changes the
tidal range patterns [14,63]. As previously introduced, in the Kampar estuary, a tidal bore
induced by a hydraulic jump during early flood propagation does exist, and its generation
highly relies on tidal range properties in the estuarine zone. Hence, in response to sea level
rises, the amplified tidal range will significantly trigger tidal bore propagation properties.
This present study is only estimated based on classic hydrodynamic modeling. However,
since the determination of the estuarine tidal range responses to sea level rise is complex
and site-specific [14], an advanced modeling approach is necessary to understand the
response of a tidal bore due to sea level rise for further studies.

5. Summary

Based on tide gauge records, an upward sea level trend was detected in the equatorial
Malacca Strait over 27 years of observation (1992 to 2019), with approximately 0.39 cm/year.
In contrast, a slightly declining trend was identified during the last ten years (2009 to 2019).
The altimetry data also show the same pattern, even though there is a gap value between
the tide gauge vs. altimetry due to the different vertical reference systems. Generally,
the significant sea level difference between the tide gauge measurement and altimetry
extraction is identified during the peak phases of the sea level (commonly detected during
the NE monsoon), while during the low phases, there is no significant deviation from those
data. Altimetry detected the erratic low phases of sea level during 2012-2018, lowering the
sea level trend quantification.
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Due to the near-equatorial area of interest, sea level variability is more synchronized
with ENSO rather than IOD. The low phase of sea level coincides with the El Nifio event
(prolonged period of negative SOI), such as at the end of 1992, during 1993-1994, 1997-1998,
and 2017. By contrast, the high phase of sea level generally coincided with La Nifia episodes
(denoted by the protracted positive SOI value), such as during December 1999, 2006, and
2011, where the peak phases of sea level are observed by a tide gauge in the study site,
reaching 40 cm.

However, due to several inconsistent patterns, it is thought that ENSO did not solely
control the sea level state in the equatorial Malacca Strait, such as those detected in June
1996 and December 2017. The less correlated variables between sea level vs. SOI are
identified with an overall R? of less than 10% for all periods. At some points, during the
mature phases of El Nifio and La Nifia, these climatic factors significantly shape the sea
level profile in the equatorial Malacca Strait. On the other hand, the low phases of sea level
during the SW monsoon are a bit more correlated to the Indian Ocean Dipole, with an R?
of about 4%, while for the other seasons, the data are not correlated with R? values of less
than 0.5%.

The SST and sea level data comparisons are in the opposite modulation, tending to
have an inverse response to the ENSO. This does make sense because SOI and seawater
temperature are negatively correlated in the surface layer and vice versa for the below
75 m depth. The thermosteric sea level anomalies are strongly controlled by seawater
temperature in the intermediate layer. Even though the sea level modulation is contrary to
SST fluctuation, the correlation analysis between sea level vs. STT showed more correlated
data, whereby over 27 years of observation, a stronger correlation is observed during the
second transitional season with an R? of about 10.45%, where mainly high-phase sea levels
are correlated with higher SSTs (ranging from 28 to 39 °C), while for the other periods, the
R? value is approximately less than 5%.

On the other hand, a strong modulation pattern between zonal current and sea level is
observed in the study area. Following the zonal currents patterns, the upward sea level
phase generally coincided with eastward transport. Therefore, it seems as though the
equatorial Malacca Straits become the accumulation center of water mass flow between
the Indian Ocean via the Andaman Sea, the South China Sea, and the Java Sea, resulting in
higher sea levels during the northeast monsoon. Concerning the zonal currents’ profile over
27 years of observation (1992-2019), the high phase (positive) of zonal currents, primarily
flowing eastward (eastern Malacca Strait), always coincided with higher phases of SLA and
vice versa for the low phases of zonal currents, flowing westward and inducing lower sea
level phases. Moreover, zonal-current regimes are more correlated with sea levels during
the NE monsoon and the second transitional period with an R? of about 19-36%.

The same patterns are observed between zonal winds and SLAs, whereby over 27 years,
the high phases of SLAs coincided with the positive zonal winds and vice versa for the low
phases of SLAs and negative zonal winds. The strong influence of wind-driven currents in
shaping local sea levels is observed since the equatorial Malacca Strait is a shallow channel
with a plethora of isles and estuaries, where the controls of wind-driven currents over
surface runoff evoking coastal sea levels are tremendous. Statistic-wise, the zonal winds,
and SLAs are more correlated during the NE monsoon and the second transitional season
than in other seasons, with a determinant coefficient ranging from 18 to 34%.

The possibility of MJO determining the significant phase of sea levels was sufficiently
high. Except for June 1994, the strong influence of MJO on SLAs during the northeast
monsoon (mainly in December) was detected, shown by the positive value of RMMI.
More substantial MJO frequencies were observed in the Indian Ocean before it finally
moved toward the maritime continent of Southeast Asian countries, such as in October—
November 1999, October—December 2006, and October—-December 2011, with RMM1 values
of about 2-3. Due to several coincidences of prolonged La Nifia and higher RMM1 values,
the coupling effects between MJO and La Nifia may trigger a higher evaporation in the
maritime continent. Therefore, the interaction between climatic factors may have a specific
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influence on and affect the period of sea levels, for sometimes, their control over sea level is
a “seesaw.”

Estimating the future impact of sea level rises on tidal characteristics, tidal constituent
amplitudes will increase by about 8.9% and 18.3% in 2050 and 2100, respectively. By contrast,
the phase lags decrease by approximately 3.2% and 8.6% in 2050 and 2100, respectively.
Under the scenario of sea level rises, this does not change the tidal current characteristics
of the Kampar estuary, whereby it is characterized by an intense and more prolonged ebb
current (ebb dominant) with a value of 2¢M>—gM, ranging between —90° and 90°. On
the other hand, tidal range amplification is expected to occur in the estuarine zone (about
56 km from the mouth of the estuary), with about 27 cm and 69 cm estimated increase in
tidal range in 2050 and 2100, respectively. The amplified tidal range in response to sea level
rises will significantly trigger tidal bore propagation properties since it immensely relies on
the tidal range.

6. Conclusions

Based on temporal tide gauge and altimetry observation (27 years), the sea level
variations in the equatorial Malacca Strait showed an upward trend, even though, in the
last ten years (2009-2019), slight downward trends have been observed. The sea level
variability is more synchronized with ENSO than IOD, where the high phases of sea level
coincided with the La Nifia episodes. On the other hand, the highest phases of sea level
coincided with a higher value of RMM1, indicating strong MJO frequency in the maritime
continent. Even though the inter-seasonal correlation analysis between sea level and MJO
(RMM1) is not significant, the coincidences of higher RMM1 values and prolonged La
Nifia episodes play a significant role in evoking a higher sea level variation. Among all
of the possible triggering factors, zonal currents and winds showed a solid modulation
to sea levels and were more correlated primarily during NE monsoon and the second
transitional seasons.

It is predicted that the long-term effect of sea level rises will significantly change
the tidal characteristics in the shallow water area in the equatorial Malacca Strait, thereby
affecting tidal range amplification in the surrounding estuarine areas. This state may induce
other coastal damage and several adaptations in the locality. Therefore, further studies
assessing the impact of sea level rise in the coastal and estuarine areas in the Malacca Strait
are necessary.
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