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ABSTRACT:

Sea level rise is rapidly turning into major issues among our community and all levels of the government are working to develop
responses to ensure these matters are given the uttermost attention in all facets of planning. It is more interesting to understand and
investigate the present day sea level variation due its potential impact, particularly on our national geodetic vertical datum. To
determine present day sea level variation, it is vital to consider both in-situ tide gauge and remote sensing measurements. This study
presents an effort to quantify the sea level rise rate and magnitude over Peninsular Malaysia using tide gauge and multi-mission
satellite altimeter. The time periods taken for both techniques are 32 years (from 1984 to 2015) for tidal data and 23 years (from
1993 to 2015) for altimetry data. Subsequently, the impact of sea level rise on Peninsular Malaysia Geodetic Vertical Datum
(PMGVD) is evaluated in this study. the difference between MSL computed from 10 years (1984 — 1993) and 32 years (1984 —
2015) tidal data at Port Kelang showed that the increment of sea level is about 27mm. The computed magnitude showed an estimate
of the long-term effect a change in MSL has on the geodetic vertical datum of Port Kelang tide gauge station. This will help give a
new insight on the establishment of national geodetic vertical datum based on mean sea level data. Besides, this information can be

used for a wide variety of climatic applications to study environmental issues related to flood and global warming in Malaysia.

1. RESEARCH BACKGROUND

Sea level rise are rapidly turning into major issues among our
community and all levels of the government are working to
develop responses to ensure these matters are given the
uttermost attention in all facets of planning. The release of the
fourth assessment report of the Intergovernmental Panel on
Climate Change (IPCC) in 2007 was followed by much debate
both in the media and the scientific community, especially on
the sea level rise issues (Meehl et al., 2007). This was due to the
fact that sea level rise is one of the most devastating effects of
global climate change that will have far-reaching consequences
for a majority of the world’s population and natural system.
Although there is great uncertainty about the rates, range and
specific time periods in which sea levels will increase (IPCC,
2007; Solomon et al., 2007; Horton et al., 2008; Pittock, 2009),
currently sea level rise is becoming one of the most imperative
impacts of climate change, which will progress well beyond the
21% century (Nicholls and Tol, 2006; IPCC, 2007; Vermeer and
Rahmstorf, 2009; Woodard et al., 2010; Schaeffer et al., 2012).

It is more interesting to understand and investigate the present
day sea level variation due its potential impact particularly on
our national geodetic vertical datum. To determine present day
sea level variation, it is vital to consider both in-situ tide gauge
and remote sensing measurements. The advantage of the
traditional tide gauge measurements is that they provide
relatively long time series, while satellite altimeter mission data
were only available commencing after 1992. Tide gauge is the
primary measurement of sea level variation prior to 1990s.
Currently, there are 21 tide gauges installed in Malaysia by
Department of Survey and Mapping Malaysia (DSMM). With

the launch of the satellite altimeter technology in late 1992, it
has proven that it has a good potential as a complementary tool
to the traditional coastal tide gauge instruments for monitoring
sea level changes, particularly for the deep ocean.

Sea level change refers to the change in mean sea level over
time in response to global climate and local tectonic changes.
Sea level is the height of the sea surface with respect to a
vertical control point, or benchmark. However, change in sea
level relative to land (local mean sea level change) can be
significantly different from the global mean sea level (GMSL)
change because of changes in the distribution of water in the
ocean and vertical movement of the land. In Peninsular
Malaysia, DSMM embarked on a project for the determination
of precise mean sea level in 1983 by involving 12 tide gauge
observations and it was known as Tidal Observation Network
(TON). In the project, a tide gauge station at Port Kelang was
chosen for adoption of Peninsular Malaysia Geodetic Vertical
Datum (PMGVD). The PMGVD is based on 10 years of tidal
observations at Port Kelang from 1984 to 1993 by adopting
Mean Sea Level (MSL) at 3.624m above zero tide gauge as the
reference level (Mohamed, 2003; Sulaiman, 2016).

This study presents an effort to quantify the sea level rise rate
and magnitude over Peninsular Malaysia using tide gauge and
multi-mission satellite altimeter. The time periods to be taken
for both techniques are 32 years (from 1984 to 2015) for tidal
data and 23 years (from 1993 to 2015) for altimetry data.
Subsequently, from analysis, the impact of sea level rise on
Peninsular Malaysia Geodetic Vertical Datum (PMGVD) will
be evaluated in this study. The findings are expected to be
valuable particularly in giving new insight on the establishment
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of national geodetic vertical datum based on mean sea level
data. Besides, this information can be used for a wide variety of
climatic applications to study environmental issues related to
flood and global warming in Malaysia.

1.1 Tide Gauge

A tide gauge is a simple graduated staff or other reference on
which the water level can be visually identified. The setting-up
of tide gauge is to estimate a continuous time series of sea level.
This technique has been used to determine the water level as far
back as the 17th century. Tidal observations via tide gauge can
be surprisingly accurate if carefully and faithfully executed.
However, to be useful for most investigations of climate
change, a record of water levels should be temporally long and
dense (the longer the better). In addition, the record must
maintain internal consistency in spite of repairs, replacements,
and changes of tide gauge technology.

Generally, a tide gauge record tides, effects of ocean circulation,
meteorological forcing of water, local or regional uplift or
subsidence at the measurement site and errors inherent to the
gauges. With so many factors involved in maintaining a
consistent record over an extended time such as a century or
more, a cooperative international program is necessary. The
Permanent Service for Mean Sea Level (PSMSL) has been
responsible for the collection, publication, analysis and
interpretation of sea level data from the global network of tide
gauges since 1933. The PSMSL centre is based at the Proudman
Oceanographic Laboratory in United Kingdom. The PSMSL
manages sea level data from nearly 200 national authorities. The
tidal data can be accessed freely through http://www.psmsl.org/.

In Malaysia, the Department of Survey and Mapping Malaysia
(DSMM) is the main government agency in Malaysia
responsible for the acquisition, processing, archiving, and
dissemination of tidal data. DSMM is also responsible to submit
all tide gauge station data in Malaysia to PSMSL in monthly
and yearly average. Currently, there are 12 tidal stations along
the coast of Peninsular Malaysia (West Malaysia) and 9 tidal
stations along the coast of Sabah and Sarawak (East Malaysia).
For the purpose of this study, only tidal stations in Peninsular
Malaysia are involved. The period of the tidal data starts from
1984 up to 2015. Figure 1 shows the distribution of tide gauge
stations in Peninsular Malaysia.
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Figure 1. The distribution of tide gauge stations in Peninsular
Malaysia that was employed in this study

Each tide gauge station in Malaysia consists of a tide gauge
protective house, stilling or tide well, tide staff and several
reference benchmarks, one of which is referred to as the tide
gauge bench mark (Mohamed, 2003). The tide gauge measures
water level heights with respect to the zero mark on the tide
staff. Surveys on the tide gauge site are performed regularly to
account for any settling of the site. Tide gauges may also move
vertically with the region as a result of post-glacial rebound,
tectonic uplift or crustal subsidence. This greatly complicates
the problem of determining global sea level change from tidal
data. Figure 2 illustrates the most typically used tide gauge
measurement system: a float operating in a stilling well.
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Figure 2. A schematic diagram of a tide gauge measurement
system (DSMM, 2012)

1.2 Satellite Altimeter

During the last four decades, a series of satellite altimeters were
launched for oceanographic and geodetic applications. The most
important satellites for sea level variability studies are
TOPEX/Poseidon and the follow-up missions from Jason-1/2.
Both of these satellite altimeter missions have given the most
precise altimetry data compared to other missions. The
TOPEX/Poseidon and Jason-1/2 achieves an accuracy of 2 cm
in range precision and 2 to 3 cm in radial orbit (AVISO, 2016).
With the launch of TOPEX/Poseidon, an era in which at least
two satellite altimeter missions were operating concurrently had
begun. This operation is still on going. The output from these
satellite altimeter missions benefit to a broad range of earth
sciences: geodesy, oceanography, hydrology and geophysics.

The basic principle of satellite altimetry is based on the simple
fact that a period of time is equivalent to distance, whereby the
distance between the satellite and the sea surface is measured
from the round-trip travel time of microwave pulses emitted
downward by the satellite radar, reflected back from the ocean,
and received again on board. Meanwhile, independent tracking
systems are used to compute the satellite’s three-dimensional
position relative to an earth-fixed coordinate system. By
combining these two measurements, profiles of sea surface
height, or sea level, with respect to a reference ellipsoid is
obtained (Din et al., 2012).

However, the method of yielding sea level profiles is far more
complex in practice. Several factors have to be taken into
account such as, atmospheric corrections (i.e., ionosphere and
troposphere), geophysical corrections (i.e., tides, geoid/ mean
sea surface, sea state bias and inverse barometer), reference
systems, precise orbit determination, varied satellite
characteristics, instrument design, calibration, and validation
(Naeije et al., 2008; Din et al., 2015). Figure 3 illustrates the
schematic diagram of satellite altimeter system and its principle.
By adopting a similar concept from Fu and Cazenave (2001),
the sea level anomaly, hg, given as:

hsla = H - Rohs - Ahciry - Ahwel - Ahiono - Ahssh - hgeoid - hlides - hatm (1)
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Where,
H : Satellite altitude
Rops : € t/2 is the computed range from the travel time,
observed by the on-board ultra-stable oscillator
(USO), and c is the speed of the radar pulse
neglecting refraction (approximate 3 x 10 m/s)

AR

ARwet : Wet tropospheric correction

dry - Dry tropospheric correction

AR,,,, : lonospheric correction

ARssb : Sea-state bias correction
Hss : Mean sea surface correction

Niges : Tides correction
ham : Dynamic atmospheric correction

= GPs

-
\ Altimeter

____________ w P satellite Orbit
_____ . Lyt

- Oscillator drift
Pointing angle

- Radiometer drift

- Yaw state

lonosphere
Correction

Troposphere
Correction

Observed
Range (R.s.)

Laser
Ranging
Station

Satellite
Sea-State Altitude (H)
Corrections

EM bias
DORIS

Beacon

Tracker bias

Skewness Sea Surface

Sea Surface

Height (h)
eht Ocean Floor / Crust

Figure 3. Schematic view of satellite altimeter measurement
(adopted from Watson, 2005)

1.3 Peninsular Vertical Datum

(PMGVD)

Malaysia Geodetic

The first national geodetic vertical datum officially established
in Malaysia was known as the Land Survey Datum 1912
(LSD12). The LSD12 was derived based on the observation of
Mean Sea Level (MSL) for 8 months from September 1%, 1911
to May 31% 1912 at Port Kelang (Jamil, 2011; Sulaiman, 2016).
Until 1994, the LSD12 has remained unchanged since it was
established in 1912. In 1983, DSMM began to re-determine the
precise MSL value in conjunction with the establishment of the
new Precise Levelling Network for Peninsular Malaysia as
shown in Figure 4. This was carried out by the setting-up of a
Tidal Observation Network that consists of 12 tide gauge
stations. Subsequently, Port Kelang was chosen for the adoption
as a reference level for the PMGVD origin, based on upon a 10-
year tidal observation (from 1984 to 1993). The new MSL
adopted is 3.624m above zero tide gauge. It was identified that
PMGVD is lower than LSD by 65mm. The new MSL height
was transferred from Port Klang using precise levelling to a
Height Monument in Kuala Lumpur by 3 different precise
levelling routes (Country Report, 2012; Sulaiman, 2016).
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Figure 4. Precise Levelling Network (Country Report, 2012)

2. RESEARCH APPROACH

2.1 Quantification of Sea Level Rise Rate and Magnitude
from Tidal Data

The tidal data used in this study was taken from Permanent
Service for Mean Sea Level (PSMSL) with monthly averaged
data. 12 tide gauge stations in Peninsular Malaysia are involved.
The period of the data starts from January 1984 up to December
2015. The robust fit regression analysis is used to estimate the
rate of sea level rise at tide gauge station. Then, the magnitude
of sea level rise from the tidal data is quantified by subtracting
mean of yearly in 2015 with mean of yearly in 1984 (it depends
on the date of tide gauge establishment)..

2.2 Quantification of Sea Level Rise Rate and Magnitude
from Satellite Altimeter

For this study, the sea level from satellite altimeter is referred to
the Mean Sea Surface (MSS) height, thus creating sea level
anomaly. The most recent DTU13 MSS model released by
Denmark Technical University is used as a datum to derive the
sea level anomaly in this study. Multi-mission satellite altimetry
data from TOPEX, Jason-1, Jason-2, ERS-1, ERS-2, EnviSat,
CryoSat-2 and Saral/Altika are used to retrieve the daily sea
level anomaly. The altimetry sea level anomaly data extracted
ranges between 1°N < Latitude < 8°N and 99°E < Longitude <
106°E, covering the Malacca Straits and part of South China
Sea. The time frame for altimetry data covers from January 1,
1993 up to December 31, 2015 (23 years). Figure 5 shows the
overview of altimetry data processing in Radar Altimeter
Database System (RADS).

This contribution has been peer-reviewed.
doi:10.5194/isprs-archives-XLII-4-W1-237-2016 239



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4/W1, 2016
International Conference on Geomatic and Geospatial Technology (GGT) 2016, 3-5 October 2016, Kuala Lumpur, Malaysia

Study
Area
Selection

No Yes
Acceptable? e

Sea Level
Anomaly

Moulti-mission
Satellite Altimeter

Analysis

I

Imethod
Development &
Enhancement

Crossover
Minimization

Data Gridding
(Daily and Monthly Average)

Data Filtering

Figure 5. Overview of altimetry data processing Flow in RADS

The sea level data are corrected for orbital altitude; altimeter
range corrected for instrument, sea state bias, ionospheric delay,
dry and wet tropospheric corrections, solid earth and ocean
tides, ocean tide loading, pole tide electromagnetic bias and
inverse barometer corrections. The bias is reduced by applying
specific models for each satellite altimeter mission in RADS as
shown in Table 1. After applying altimeter corrections and
removing bias in RADS processing, the next step is to perform
crossover adjustments.

Due to factors such as orbital errors and inconsistency of the
satellite’s orbit frame, the sea surface heights (SSH) from
different satellite missions need to be adjusted to a “standard”
surface. Since the quality of the radial accuracy of the orbits and
measurements of the TOPEX-class satellites (TOPEX, Jason-1
and Jason-2) surpasses the accuracy of the orbits and
measurements of the ERS-class satellites (ERS-1, ERS-2,
EnviSat, Cryosat-2 and Saral/ Altika), the so-called dual-
crossover minimisation analysis was performed in this study
(Schrama, 1989). The minimisation was achieved with the orbit
of the TOPEX-class satellites held fixed and those of the ERS-
class satellites adjusted concurrently (Trisirisatayawong et al,
2011).

In this case, only crossovers minimisation analysis between
ERS-class and TOPEX-class satellites are considered. The area
for the crossover minimisation is much larger than the area
under investigation in order to have sufficient crossover
information to estimate the smoothness (one cycle per orbital
revolution) of orbit error function fitting. The time frame
covered by individual crossovers is limited to 18 days to reduce
the risk of eliminating real oceanic signal and, with that, sea
level trend (Trisirisatayawong et al., 2011).

A distance-weighted gridding was applied in order to lose as
little information as possible while still obtaining meaningful
values for grid points located between tracks. In other words,
the use of weighting function is to establish the points close to
the centre to be important and points far from the centre to be
relatively insignificant. The weighting function is based on
Gaussian distribution, Fw(r) (Singh et al., 2004):

1’1

Ful)=e" = O]

Where, the sigma, & represents the weight assigned to a value at
a normal point located at a distance r from the grid point.

Table 1. Corrections and models applied for RADS altimeter

processing.
Correction/ Editing Description
Model (m)
Min  Max

Orbit/Gravity All  satellites:  EIGEN
field GL04C

ERS: DGM-E04/D-PAF
Dry -24  -2.1  All satellites: Atmospheric
Troposphere pressure grids (ECMWF)
Wet -0.6 0.0 All satellites: Radiometer
Troposphere measurement
lonosphere -0.4 0.04 All satellites: Smoothed

dual-frequency,

ERS: NIC09
Dynamic -1.0 1.0  All satellites: MOG2D
atmosphere
Ocean tide -5.0 5.0 Allsatellites: GOT4.10
Load tide -0.1 0.1 Allsatellites: GOT4.10
Solid earth -1.0 1.0 Applied (Elastic response
tide to tidal potential)
Pole tide -0.1 0.1 Applied (Tide produced by

Polar Wobble)
Sea state bias -1.0 1.0 All Satellites: CLS non-

parametric
ERS: BM3/BM4
parametric
Reference -1.0 1.0 DTU13 mean sea surface
Engineering Applied
flag
Reference Jason-1
surface Jason-2
TOPEX

The daily altimetry data from TOPEX-class and ERS-class are
then filtered and gridded to sea level anomaly bins (0.25° by
0.25°) using Gaussian weighting function with sigma 2.0. Both
temporal and spatial weighting on sea level anomaly is
considered in the gridding step by choosing a square mesh with
a block size of 0.25° (spatial) and cut-off at 18 days (temporal).
This selection was performed based on the ERS-class type
characteristics where the average track spacing is 0.72° and the
repeat period is 35 days. This is to assure focus on altimetry
data in the vicinity of mesh points (gridding block), but also
allows for occasional data gaps. Subsequently, the daily
solutions for sea level anomaly are combined into monthly
average solutions. This technique aims to (more or less)
equalise the final monthly altimeter solution with the monthly
tide gauge solution as the satellite altimeter flies over the tide
gauge only three times in a month (TOPEX-class) for the best
case scenario, and in the worst case scenario only once a month
(ERS-class). Hence, it gives rise to more fluctuations in the
altimeter technique when compared to the tide gauge. It seems
that the methodology undertaken (daily to monthly altimeter
solution) improves the correlation between monthly solutions of
altimetry and tidal data in this study (Din et al., 2015).

2.3 Quantification of Sea Level Rise Rate using Robust Fit
Regression

The time series of the sea level trend in this study was
quantified using robust fit regression analysis. Robust fit
analysis is a standard statistical technique that concurrently
deals with solution determination and outliers detection. In this
robust fit approach, a linear trend is fitted to the annual sea level

This contribution has been peer-reviewed.
doi:10.5194/isprs-archives-XLII-4-W1-237-2016 240



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4/W1, 2016
International Conference on Geomatic and Geospatial Technology (GGT) 2016, 3-5 October 2016, Kuala Lumpur, Malaysia

time series of each station in an Iteratively Re-weighted Least
Squares (IRLS) technique. Depending on the deviations from
the trend line, weights of measurements are adjusted
accordingly. The trend line is then re-fitted. The process is
repeated until the solution converges. The weights of the
observations (w;) are readjusted by the adopted bi-square weight
function, whose relationship with normalised residuals, (u;) can
be written as (Holland and Welsch, 1977; Din et al., 2015):

(1-@)®)? Juf <1

— () ) .

Wi = ' ' ©))
1] |‘|‘.£-l| =1

Where,

Ui = K5 1R

ri: Residuals,

h;: Leverage,

S: Mean absolute deviation divided by a factor 0.6745 to make
it an unbiased estimator of standard deviation

K: A tuning constant whose default value of 4.685 provides for
95% asymptotic efficiency as the ordinary least squares
assuming Gaussian distribution.

Observations that are assigned zero weights in any iteration are
declared as outliers and eliminated from further computation
(Holland and Welsch, 1977)

3. RESULTS AND DISCUSSION

3.1 Sea Level Rise Acceleration from Tide Gauge

Table 2 gives the sea level rate from 1984 to 2015 (32 years) for
all tide gauge stations in Peninsular Malaysia. At the west coast
of Peninsular Malaysia, Kukup with 3.60 +0.29 mm/yr
experienced the highest sea level rate by robust fit regression.
Meanwhile, Port Kelang experienced the lowest rate at 2.35
+0.40 mm/yr by robust fit regression. The range of sea level rate
by robust fit regression is from 2.35 £0.40 mm/yr to 3.60 +0.29
mm/yr. The average relative sea level rate for the west coast of
Peninsular Malaysia calculated by robust fit regression yielded
3.04 £0.35 mm/yr.

Location Period Sea Level Rate (mm/yr)
Pulau Langkawi | 1986 — 2015 3.35+0.43
Pulau Pinang 1985 - 2015 3.25+0.39
Lumut 1984 - 2015 2.70+0.35
Port Kelang 1984 - 2015 2.35+0.40
Tanjung Keling | 1984 — 2015 2.44 +£0.35
Kukup 1986 — 2015 3.60£0.29
Johor Bahru 1984 - 2015 3.58+0.24

Average 3.04 £0.35

Geting 1987 - 2015 3.62+0.34
Cendering 1984 - 2015 3.43+0.26
Tanjung Gelang | 1984 — 2015 3.27+£0.22
Pulau Tioman 1986 — 2015 3.03+0.25
Tanjung Sedili 1987 - 2015 2.55+0.27
Average 3.18 £0.27

Total Average 3.11+0.31

Table 2. Sea Level Rate (mm/yr) using Robust Fit Regression
Analysis for All Peninsular Malaysia Tide Gauge Stations

For the east coast of Peninsular Malaysia, Geting with 3.62
+0.34 mm/yr experienced the highest sea level rate by robust fit
regression. On the other hand, Tanjung Sedili experienced the
lowest rate at 2.55 +0.27 mm/yr by robust fit regression. The
range of relative sea level rate by robust fit regression for the
east coast of Peninsular Malaysia is from 2.55 +0.27 mm/yr to
3.62 £0.34 mml/yr. For the west coast of Peninsular Malaysia,
the average relative sea level rate calculated by robust fit
regression yielded 3.18 £0.27 mm/yr. By combining the relative
sea level rate for both east and west coasts of Peninsular
Malaysia, the average sea level rate calculated by robust fit
regression was estimated at 3.11 £0.31 mm/yr.

Figure 6 illustrates the example of the sea level trend at Pulau
Pinang and Port Kelang determined using robust fit regression
analysis. At Pulau Pinang tide gauge station, the estimated tidal
sea level rate over between 1985 — 2015 (32 years) was 3.25
+0.39 mm/yr. Also, the estimated rate at Port Kelang within
thesame time period was 2.35 £0.40 mm/yr.
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Figure 6. Tidal Sea Level Rate Between 1984 — 2015 using
Robust Fit Regression Analysis

3.2 Sea Level Rise Magnitude from Tide Gauge

3.21 Tidal Yearly Magnitude from 1984 to 2015: The
magnitude of sea level rise from tide gauge data at stations
along the coast of Peninsular Malaysia was computed from the
difference between the yearly mean of tidal data obtained in
2015 and that of 1984 or the year of tide gauge establishment.
The outcome revealed that the smallest magnitude of -0.001m
occurred at Tanjung Keling, while the largest magnitude of
0.092m occurred at Cendering. From the findings, the computed
magnitude of sea level rise is clearly influenced by the “very
strong” El Nifio in 2015/2016 (ONI, 2016). This has more effect
on tide gauge stations located along the Malacca Straits due to
the fact that it is located in a semi-closed area and it also
prevents the short term circulation dynamics from averaging out
over this area which causes the mean sea level to have a
disturbed annual cycle with lots of higher harmonics (Din et al.,
2012). It is interesting to note that Pulau Langkawi and Geting
had the same magnitude of 0.074m. These estimates show that
the magnitude of the sea level rise is inconsistent along the
coast of Peninsular Malaysia. Table 3 shows details of the
computed magnitude across all tide gauges used for this study.
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Yearly Mean Magnitude

Location | Time Range Sea Level fSLR (m)

Value (m) °
Cendering | 1985-2015 | 2.187 - 2.279 0.092
Kukup 1986 — 2015 | 3.987 —4.073 0.086
Pulau 1986 — 2015 | 2.182 —2.256 0.074
Langkawi
Geting 1987 - 2015 | 2.252 —2.326 0.074
Johor 1984 -2013 | 2.852-2.915 0.063
Bahru*
Pulau 1986 — 2015 | 2.658 —2.716 0.058
Pinang
Pulau 1986 — 2015 | 2.812 -2.866 0.053
Tioman
Tanjung 1984 - 2015 | 2.804 —2.840 0.035
Gelang
Tanjung 1987 -2015 | 2.373-2.400 0.028
Sedili
Lumut 1985 -2015 | 2.206 —2.224 0.017
Port 1984 -2015 | 3.678 —3.680 0.002
Kelang
Tanjung 1985-2015 | 2.868 —2.866 -0.001
Keling

Minimum -0.001

Maximum 0.092

Total Average 0.048

Table 3. Sea Level Rise Magnitude using Tidal Data (32 Years).
*Johor Bahru Tide Gauge was stopped the operational in 2014

3.2.2 Tidal Average of 32 Years (1984 — 2015) Difference
Tidal Average of 10 Years (1984 — 1993) for PMGVD

The computation was done using tidal data from Port Kelang
tide gauge station in Peninsular Malaysia. Table 4 shows the
yearly tidal average from 1984 to 2015. The difference between
MSL from 10 years of tidal data (1984 — 1993) and that from 32
years (1984 — 2015) was computed for this station. The
computed MSL B (3.651m) from data spanning 1984 — 2015
(32 years) shows the MSL is increasing towards the terrain,
while the magnitude shows that the size of the movement of
MSL B from MSL A is 27mm. Hence, the magnitude showed
the long-term effect a change in MSL has on the Peninsular
Malaysia geodetic vertical datum since Port Kelang is the
adopted local vertical datum origin for Peninsular Malaysia.

Mean Mean Mean

Year (m) Year (m) Year (m)
1984 3.68 1995 3.66 2006 3.61
1985 3.65 1996 3.67 2007 3.64
1986 3.61 1997 3.54 2008 3.66
1987 3.58 1998 3.65 2009 3.71
1988 3.65 1999 3.69 2010 3.74
1989 3.64 2000 3.74 2011 3.67
1990 3.61 2001 3.70 2012 3.73
1991 3.58 2002 3.61 2013 3.74
1992 3.61 2003 3.64 2014 3.66
1993 3.62 2004 3.63 2015 3.68
1994 3.58 2005 3.65

MSL A (1984 to 1993) = 3.624m (PMGVD)

MSL B (1984 to 2015) = 3.651m

Magnitude (MSL B — MSL A) = 0.027m

Table 4. Yearly MSL at Port Kelang (1984 — 2015)

3.3 Sea Level Variation from Satellite Altimeter from
1993 to 2015

Sea level measured by satellite altimeter is relative to a global
datum, known as absolute sea level. Satellite altimeter measures
the absolute sea level relative to the standard ellipsoid (WGS84
ellipsoid), the most commonly used datum at present. Thus,
satellite altimeters provide improved measurements of global
sea level change due to their truly global coverage and direct tie
to the earth's centre of mass (Fu and Cazenave, 2001). In this
study, the sea level from satellite altimeter is referred to the
Mean Sea Surface (MSS) height, thus creating sea level
anomaly. The most recent DTU13 MSS model released by
Denmark Technical University is used as a datum to derive the
sea level anomaly in this study.

By using a similar method with relative sea level rate analysis,
the absolute sea level rate is quantified using robust fit
regression analysis in MATLAB. The altimetry data time frame
begins from January 1993 up to December 2015 (23 years). To
interpret the absolute sea level trend by mapping of the
Malaysian seas, i.e., Malacca Straits and South China Sea, a
numbers of altimeter-derived sea level anomaly points are
extracted. The altimeter extracted points are focused for
offshore or deep ocean areas because the residual of sea level
anomaly increases closer to the coast due to the increased sea
level variability in shallow water depth (Andersen and
Scharroo, 2011).

Figure 7 demonstrates the absolute sea level rise rate over
Malacca Straits and South China Sea. According to Figure 7,
the results clearly show that the absolute sea level rise rate is
rising and varying from place to place over the Peninsular
Malaysian seas. The rate of sea level varies and gradually
increases from west to east of Peninsular Malaysia. The
Malacca Straits, the connection between the Andaman Sea in
the Indian Ocean and the Sunda Shelf, has lower rate of
absolute sea level rise trend compared to South China Sea. It
ranges from 1.26 +/- 0.57 mm/yr to 4.39 +/- 0.60 mm/yr, and
with an average of 3.14 +/- 0.12 mm/yr. This may due to the
fact that the depth and shape of the Malacca Straits is shallow
and rather narrow. Besides, the tides or water flows mainly
enters from one side of the strait and are influenced by the
geometrical changes from the north-west to south-east and the
tiny islands at the south-east end (Akdag, 1996). Meanwhile, the
absolute sea level rise in the South China Sea, which has a
typical marginal sea characterised with a deep basin, shelf
break, and shallow shelf, occurs at a rate of 3.22 +/- 0.32 mm/yr
to 4.32 +/- 0.37 mm/yr. The average of the absolute sea level
rise rate in the South China Sea is estimated at 3.85 +/- 0.05
mm/yr.

Yearly the sea level continues to rise due to global warming and
other factors. In order to quantify the magnitude of sea level
rise, the yearly sea level anomaly for 1993 and 2015 were
plotted as shown in Figure 8. In 1993, the value of yearly sea
level anomaly is at range of -7cm to 8 cm over Malacca Straits
and South China Sea. The sea level anomaly magnitude in
Malacca Straits is higher than South China Sea. The yearly sea
level anomaly in 2015 is about -7cm to 9cm over both areas.
From the results in Figure 8, yearly sea level anomaly in 2015
was subtracted with yearly sea level anomaly in 1993 to
quantify the sea level rise magnitude. Refer to Figure 8; the
magnitude of sea level rise is higher in South China Sea
compared to Malacca Straits. The sea level rise magnitude is at
range of 4cm to 10cm for South China Sea and -15cm to 6¢cm
for Malacca Straits, respectively. Interestingly, results from the
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Figure 9 showed that most of the areas have a positive trend. It
proves that there is a sea level rise over Malacca Straits and
South China Sea, and the magnitude of sea level rise varies
from place to place. Besides, the computed magnitude of sea
level is clearly influenced by the “very strong” El Nifio for the
region in 2015/2016 (ONI, 2016).

Sea Level Rise Rata from 1993 to 2016 using Satellite Altimatry Data
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Figure 7. Map of sea level rise rate over Malacca Straits and
South China Sea. The rate is computed from 23 years of
altimetry data ranging from 1993 to 2015. Units are in mm/yr.
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Figure 8. Map of yearly sea level anomaly over Malacca Straits

and South China Sea for year 1993 (Up) and year 2015 (Down).
Units are in cm.

Sea Level Rise Magnitude from 1993 to 2015 using Satellite Altimetry Data
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Figure 9. Map of sea level rise magnitude over Malacca Straits
and South China Sea. The magnitude is computed from 23 years
of altimetry data ranging from 1993 to 2015. Units are in cm.

3.4 Discussion on Mean Sea Level (MSL) Simulation on
Benchmark

B0169

SR MEL (1984 - 2015)
PN ML (1084 - 1993)

10.8m 365tm Is,szx;m

Tide Gauge Zero

7.488m

- Revized Local Reference (RLR)

Figure 10. MSL Height Variation at Port Kelang Benchmark

The height of the tide gauge bench mark B0169 was fixed
relative to the MSL from the Port Kelang tide gauge zero. A
long-term change in the MSL will result in a change in the
geodetic vertical datum at the Bench mark. To verify the
magnitude of this MSL change, old MSL (3.864m) at B0169
spanning 1984 — 1993 was compared to a new MSL (3.837m)
spanning 1984 — 2015 tidal data. The resultant difference of -
0.027m indicates the upward movement of the MSL closer to
the terrain. Figure 10 gives a clearer illustration.

4. CONCLUSION

As comprehensively discussed in this paper, undoubtedly sea
level rise is rising and varying from place to place over the
peninsular Malaysian seas. The rate of sea level varies and
gradually increases from west to east of peninsular Malaysia.
The sea level rise signals are consistent from both tidal and
altimeter data. based on the relative and absolute sea level rate
for both east (South China Sea) and west (Malacca Straits) of
Peninsular Malaysia, the average sea level rate calculated by
robust fit regression was estimated at 3.11 +0.31 mm/yr and
3.50 +/- 0.09 mm/yr, respectively. The sea level magnitude also
shows the similar trend with a range from Ocm to 10cm over the
most part of Peninsular Malaysian seas. Subsequently, the
difference between MSL computed from 10 years’ (1984 —
1993) and 32 years’ (1984 — 2015) tidal data at Port Kelang
showed that the increment of sea level is about 27mm. The
computed magnitude showed an estimate of the long-term effect
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a change in MSL has on the geodetic vertical datum of Port
Kelang tide gauge station. The findings are expected to be
valuable particularly for a new insight on the establishment of
national geodetic vertical datum based on mean sea level data.
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