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investigate the impact of climate change on storm surge height (SSH)
along the East Coast of Peninsular Malaysia during the Northeast

Keywords Monsoon season. Three scenarios, including past-historical data, future
Climate change, future climate climate with a 2°C increment (+2K), and future climate with a 4°C
database, numerical assessment, increment (+4K), were analyzed. The study had validated model
storm surge level accuracy through root mean square error (RMSE), demonstrating

alignment with observed data. Results indicated a correlation between
temperature increase and storm surge height (SSH), with higher
temperature scenarios leading to more severe surge outcomes. The
analysis identified the Future +4K scenarios as yielding the most critical
SSH across all stations, with recorded SSH at Kuala Pahang (SSHmax =
1.379 m), Chendering (SSHmax = 1.344 m), Geting (SSHmax = 1.251 m),
and Tanjung Sedili (SSHmax = 1.251 m) stations. Considering the
findings, it was recommended to reassess the baseline provision for
coastal engineering projects, suggesting a storm surge resilience design
exceeding the observed maximum. The utilization of d4PDF data in this
study laid the groundwork for targeted strategies to mitigate the
impacts of climate-induced storm surges in vulnerable coastal regions.

1. Introduction

Leading researchers from various fields of study, through their comprehensive and in-depth studies on
recorded climate data around the world, have manifested that worldwide climate is changing [1]. Its profound
impacts are evident across the globe, including in Malaysia, where changes in temperature and precipitation
patterns are reshaping the country's environmental landscape and threaten to exacerbate poverty and inequality
for low-income earners especially in localities that are vulnerable to flooding and drought [2]. This is proven and
consistent with findings from [3]-[6] which claim the vulnerability of neighboring countries in the Asia region
based on forecasted intensity of precipitation under the influence of climate change.

The analysis from IPCC Fifth Assessment Report (AR5) has reported a peak increment of global mean surface
temperature at 3.11°C for RCP8.5 (which is the highest emissions pathway) and 0.8°C for RCP2.6 (which is the
lowest emissions pathway) by the year 2090s [7], as shown in Fig. 1. An important implication of climate change
is the phenomenon of sea level rise as a result of thermal expansion and continuous ice cap melting [8]. In
Malaysia, it was supported by a finding from research [9] using linear trend analysis and assimilation of 7 Coupled
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Atmospheric-Oceanic General Circulation Model (AOCGM), highlighting that the regional rise for Malaysia’s mean
SLR would be higher than 3.1 mm/year (between 2.7 to 7.0 mm/year), resulting in a higher risk of low-lying areas
to be inundated. On other hand, a study in 2010 on extreme wind speeds using graphical method in Peninsular
Malaysia claimed that over a long period (50 years onwards), a sharp increase in the trend was expected [10]. The
combination of warmer ocean, SLR and extreme wind would impact the behavior of storm surge, especially its
heights.
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Fig. 1 Global average surface temperature change [7]

Storm surges are perturbations in sea surface level caused by either storms, hurricanes, typhoons, and tropical
cyclones which has the pivotal key element of having the high intensity winds (wind drag) along with the
atmospheric forcing, and pressure drops [11]. Storm surge level can be determined through time series by finding
the differences between predicted tide level and observed sea surface level as it coincides with astronomical tides.
Storm surge itself is dangerous and in conjunction with high tides at wide-shallow shelf sea, the impact would be
amplified. Storms with high wind intensity push the water into shore causing death, significant property damage,
changes in ecosystem and landscape and coastal erosion and destruction at the vulnerable areas. By studying the
behavior of storm surge and forecasting the event for a long return period, risk mitigation planning can be prepared
to reduce the cost of the damages. Besides, the process to evacuate the population living near the coastal site can
be conducted efficiently with proper planning. Aside from that, climate change phenomenon is also contributing to
the altered behavior of the wind as well as sea level rise that influence the characteristics of the storm surge.
While the destruction come with an excruciating and devastating price, the study of storm surge events in Malaysia
are still considered as low although this country is 29t longest water bounded - surrounded by a total of 4,800
kilometres of coastline. Thus, this research intended to conduct the assessment of storm surges in Malaysian seas
in response to climate change which will be forcing the scenarios of Database for Policy Decision Making for Future
Climate Change (d4PDF). The objectives of this study are: (i) To simulate storm surge scenarios considering 2K
and 4K global mean temperature increased compared to pre-industrial levels and (ii) to project the storm surge
heights (SSH) in the East Coast of Peninsular Malaysia, corresponding to climate change impact.

2. Illustrations Datasets and Procedures

2.1 Overview on Future Climate Database d4PDF

The Database for Policy Decision-making for Future Climate Change (d4PDF) is a comprehensive and valuable
resource developed by the Meteorological Research Institute (MRI) in Japan. It is part of the Coupled Model
Intercomparison Project 5 (CMIP5) which provides a collection of climate simulations covering the period from
1951 to 2100. CMIP5 contributed to the assessment reports of the Intergovernmental Panel on Climate Change
(IPCC) released in 2013 to 2014, offering valuable insights into future climate change scenarios and their potential
impacts. It is important to note that the dataset had been simulated based on four different scenarios of
greenhouse gas emissions known as Representative Concentration Pathways (RCPs): RCP 2.6, RCP 4.5, RCP 6.0
and RCP 8.5. Whereas RCP 2.6 represents a future with ambitious emissions reductions, aiming to limit global
warming to well below 2°C. While, RCP 4.5 and RCP 6.0 correspond to moderate and limited mitigation efforts,
respectively, resulting in higher levels of warming, and RCP 8.5 represents a high-emission pathway, leading to
significantly warmer temperatures by the end of the century.

Within the d4PDF database, the focus lies on the regional climate dynamics captured by the General
Circulation Models (GCMs). GCM is initially divided into two components, Atmospheric General Circulation Models
(AGCMs) and Ocean General Circulation Models (OGCMs). AGCMs capture atmospheric processes like
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temperature, humidity, wind patterns, and precipitation but do not explicitly include the full complexity of the
oceans. Whereas OGCMs simulate important processes like ocean circulation, heat transport, and interaction with
the atmosphere. This study focused on one of the AGCM subsets, namely the Meteorological Research Institute
Coupled General Circulation Model version 3 (MRI-CGCM3) [12]. It includes simulations at both global and
regional scales, with horizontal resolutions of 60 km and 20 km, respectively. The model takes into account a wide
range of factors, featuring (i) the atmospheric component based on the Nonhydrostatic Icosahedral Atmospheric
Model (NICAM), which employs a high-resolution icosahedral grid for enhanced accuracy in simulating
atmospheric processes (110 km horizontal resolution, 80 vertical levels), (ii) the ocean component utilizes the
Modular Ocean Model version 4 (MOM4) with a horizontal resolution of approximately 0.5 degrees and 45 vertical
levels, (iii) the land surface component incorporates representations of vegetation, soil moisture, and other
biophysical processes impacting energy and water exchange, (iv) and the sea ice component employs a dynamic
seaice model to simulate growth and retreat based on temperature and ocean changes. The model further includes
amodule simulating interactions between atmospheric aerosols and climate, influencing Earth's radiative balance
and climate dynamics. This subset is selected as it specifically designed to cover the Japanese and Korean
Peninsulas, as well as parts of the Asian continent including Malaysia, providing valuable insights into the regional
climate changes and their potential impacts. For the past five years, Japanese researchers have actively led the
usage of this database for various studies related to the ocean [13]-[16].

Multiple sets of future climate simulations are available, with different levels of global mean surface air
temperature increases. These include simulations with a 4K, 2K, and 1.5K temperature increase relative to
preindustrial levels which typically referred as time before Industrial Revolution around mid-19th century. These
scenarios represent different warming levels and provide insights into the potential climate changes associated
with different levels of global warming. In the context of this study, the focus is on the 2K and 4K future climate
scenarios. These scenarios represent temperature increases of 2 and 4 degrees Celsius above preindustrial levels,
respectively.

The d4PDF datasets offer the output in the form of super-various ensembles. An ensemble refers to a
collection of climate model simulations that capture different possible outcomes of future climate conditions. Each
ensemble member represents a unique realization of the climate system, incorporating variations in initial
conditions, parameterizations, or model configurations. By running multiple ensemble members, the d4PDF
database accounts for uncertainties and provides a range of possible climate projections [17]. For the historical
and non-warming simulations, there are 100 ensemble members available for each component. As for the future
scenarios 4K consists of 90 ensemble members from year 2051 to 2110, whereas 2K consists of 54 ensemble
members from year 2031 to 2090.

The datasets from d4PDF database are stored in binary format and require conversion and preliminary study
to understand the data structure. Unlike conventional user-friendly interfaces, working with d4PDF necessitates
a familiarity with coding practices to extract meaningful insights. Data conversion could be done through MATLAB
scripting by utilizing fread function to read the binary data, the raw information then underwent a crucial
transformation into a structured 3D matrix. Each dimension of this matrix was assigned to represent specific
aspects of the climate data, such as time, latitude, and longitude. This reorganization was fundamental for
subsequent analyses and facilitated the gridded interpolation process before it could be imported into MIKE
21HD.

2.2 Research Area

Strategically positioned in Southeast Asia, Malaysia boasts a diverse and extensive coastline spanning
approximately 4,675 kilometers along the South China Sea (SCS), Gulf of Thailand (GoT), and the Straits of Malacca
as shown in Fig. 2. This region undergoes seasonal prevailing winds, commonly referred to as the monsoon. The
monsoon in Malaysia is categorized into two types: Northeast Monsoon (NEM) and Southwest Monsoon (SWM),
occurring from November to February and late May to August, respectively [18]. In comparison, the SWM season
was much drier than NEM. Cold surge phenomena occurred throughout the NEM season, which is associated with
higher intensity and prolonged precipitation, leading to increased river discharge and runoff from the land. When
combined with high tides and strong onshore winds, the potential for storm surges during this period becomes
significantly critical.
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Fig. 2 Research area focusing on peninsular Malaysia, exposed directly to the South China Sea

Aside from the monsoon phenomenon, Malaysia is also influenced by the El Nifio and La Nifia climate pattern
events, resulting from variations in ocean temperature [19]. In Malaysia, El Nifio was referred to as El Nifio-
Southern Oscillation (ENSO) resulting in sea level falls and La Nifna resulting in sea level rise [20]. This event has
altered the pattern of storm surge characteristics on the coastline. During La Nifia, the sea surface temperatures
in the central and eastern Pacific Ocean become cooler than usual which leads to different atmospheric circulation
patterns and NEM becomes more active. It brings along a stronger northeasterly winds and higher precipitation
to the eastern regions of Malaysia which calls for anticipation towards mitigating the impacts on coastal

communities and infrastructure.

Prioritizing the understanding of the local weather pattern, this study focuses on the NEM period. Four
different locations, including Geting (GT), Chendering (CD), Kuala Pahang (KP), and Tanjung Sedili (TS), were
selected from each state on the East Coast of Peninsular Malaysia, with specific coordinates shown in Table 1 and

Fig. 3.

Table 1 Observation stations within study area

Name of Stations Code Location

Geting GT 6.23°N,102.10°E
Chendering CD 5.27°N,103.18°E
Kuala Pahang KP 3.533°N, 103.55°F
Tanjung Sedili TS 1.917°N,104.18°F
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Fig. 3 Observation stations in East Coast of Peninsular Malaysia with open boundaries in model setup

2.3 Storm Surge Simulation Setup

A total of three simulation phases involved with two parameters of data used in this research including the
sealevel pressure (SLP) and wind data. Wind data could be further separated into two components - UAOPN (east-
west) and VAOPN (north-south) that represent the direction of wind or zonal components of the wind velocity.
The data are available in binary format and were processed using a MATLAB program and a Python script,
developed specifically for this study, to extract the SLP and wind velocities for a specific set of coordinates. The
data was then input into a 3D matrix to allow for gridded interpolation to extract out the met-ocean data based on
a separate set of coordinates and time points that could suit MIKE 21HD format.

The model used for this research is the MIKE 21 Flow Model in MIKE 21HD, which allows users to simulate
water flow and water level variations in rivers, estuaries, coastal, and open sea areas. The FM model solves the
Navier-Stokes equations that govern fluid flow using numerical algorithms and can be calibrated and validated
using field measurements and satellite observations. The focus was narrowed down to selecting the
hydrodynamic module, aligning with the parameters chosen for this study. To discretize the study area and
facilitate the modelling process, a structured mesh approach was employed. This involved dividing the study area
into a regular grid with fixed and uniform resolution. The structured mesh approach offers higher stability for
simulations compared to the flexible mesh approach, making it a suitable choice for this study. To represent the
underwater terrain and water depths accurately, bathymetry data was generated from GEBCO (General
Bathymetric Chart of the Oceans) and incorporated into the model with the help of ArcGIS. It was projected with
UTM-48 map projection to ensure consistency and proper representation of the study area's geographical
features.

To ensure the model's stability during simulations, the maximum Courant number (CFL) or Courant-
Friedrichs-Lewy number was carefully managed, aiming for values below two. This dimensionless number is
usually used in numerical simulation particularly in fluid dynamics, to ensure stability and accuracy of the
solution. It should be high enough to capture dynamic changes accurately but not so high that it compromises
numerical stability. Boundary conditions for the model were adjusted with three open boundaries, taking into
consideration the resistance present and Smagorinsky constant value of 0.5 was applied. The choice of 0.5
indicates a moderate level of turbulence and mixing - a higher Smagorinsky constant would result in more
turbulence and mixing, while a lower value would reduce these effects.

2.3.1 Phase 1: Selection of Ensemble

Sub-section The first phase began with the selection of the ensemble process, which is necessary, as a large
number of ensembles would slow down the process model due to limitations in the size of data storage and
computational resources [21]. It involved a four-step approach to assess the suitability of the ensemble member
in representing observed climate changes.
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Firstly, a comprehensive visualization and comparison were conducted to analyze the long-term trends of the
ensemble member and juxtapose them with the observed data. This initial assessment aimed to ensure a coherent
alignment between the model output and observed climate behavior. Subsequently, a meticulous data calibration
step was implemented to rectify potential systematic disparities or biases. By applying bias correction or
correction factors to the d4PDF data, it was possible to refine its alignment with the observed data, consequently
bolstering reliability. Moving forward, a rigorous quantile-quantile (Q-Q) plot comparison was performed to
evaluate the statistical distribution and inherent characteristics of the ensemble member. Lastly, return periods
were calculated to gauge the frequency and severity of extreme climate events.

This comprehensive and structured four-step approach facilitated a robust evaluation and selection of the
ensemble member, incorporating both long-term trends and statistical properties, thereby ensuring the
credibility and dependability of subsequent climate data analyses and interpretations. The selected ensembles
would then be used along with the observation data for model baseline and future scenarios simulation.

2.3.2 Phase 2: Model Baseline

In the simulation setup, calibration of the d4pdf data was performed to ensure accurate and reliable results.
The selected d4pdf data and observation data were both imported into MIKE 21HD. In this phase, the d4PDF
Present-day Experiment (HPB) data type was utilized as it represents the current climate conditions without any
additional forcing from greenhouse gas emissions. It serves as a reference point for evaluating the potential
impacts of future climate changes under each of the scenarios.

Using the data extraction FM tools in Mike 21HD, a direct comparison was made based on the coordinates of
interest. The results were then reviewed using the plot composer tool in MIKE Zero. To calibrate the data, the root
mean square error (RMSE) was used as a metric, aiming to achieve an error below 10%. Additionally, the
calibration results were crosschecked with the findings from previous studies. If the data did not meet the desired
calibration standard, adjustments were made to the boundary conditions and resistance parameters. Once the
calibration criteria were satisfied, the simulations for other scenarios were conducted using the calibrated data.

2.3.3 Phase 3: Future Scenarios

For future simulations, the warming SLP and wind data were forced into the calibrated model. The SSHs for
the selected future scenarios were calculated using the same method employed in the baseline simulation. By
comparing the SSHs from the future simulations with the present data, the insights into the potential impacts of
climate change on storm surges during the Northeast Monsoon (NEM) season in Malaysia is gained.

Due to time constraints and limited access to MIKE 21HD licenses, the study focuses on the NEM season,
considering only a few months of simulation for a limited number of years. Although the simulation period is
relatively short, the selected NEM events are essential as they represent critical weather patterns affecting the
eastern regions of Malaysia.

3. Results and Analysis
3.1 Selection of Critical Ensemble

3.1.1 Step 1: Visualization and Comparison

The aim of this step was to identify the ensemble member that exhibits the closest resemblance to the
observed data in terms of its distribution characteristics. This identification serves as the initial subset of
ensembles that will undergo further analysis in subsequent steps of the ensemble selection process. In this step,
all ensemble members are plotted on a single graph alongside the observation data. The distributional patterns,
the shape of the data, and the variability were examined separately for windspeed and SLP. As the windspeed
came in the components of UAOPN and VAOPN, the windspeed is calculated before the data plotting was
conducted. Data was represented using the Probability Density Function (PDF), a valuable statistical tool for
understanding the distribution of continuous random variables and estimating probabilities. The PDF was also
used to derive the mean and standard deviation aside from visualization and comparison as shown in Fig. 4 and
Fig. 5.
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Fig. 5 Visualization of d4PDF-sea level pressure against observation data

From this process, the selected ensembles include past wind speeds (m043), +2K wind speeds (m101), and
+4K wind speeds (m111). As for the SLP, past sea level pressure (m099), +2K sea level pressure (m101), and +4K
sea level pressure (m108) had been chosen as critical inputs for the future simulations.

3.1.2 Step 2: Data Calibration

The selected ensembles were then plotted alone against the observation data. The objective of this step was
to align the selected ensemble member more closely with the observed data. The mean and standard deviation of
ensembles were then compared with those of the observation data.

Examining these properties helps identify any systematic differences or biases between the ensemble
member and the observed data. The correction factors were then applied to d4PDF data to displace and fit in the
observation data as shown in Fig. 6. This process is repeated for all selected ensembles and applied to both
windspeed and SLP.

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 16 No. 1 (2024) p. 394-410 401

‘Windspeed (Selected Ensemble vs Observation) : September 1997 ‘Windspeed (Selected Ensemble vs Observation) : September 1997

A Fox
mats E A ™03 _Adjusied
y b o =/ \ T
:
/ X ]

- e
3 7 5 s a 2 5 1

Windspesd (m/s] winclzpeed (m/s)

Fig. 6 Bias correction of data for selected ensemble

3.1.3 Step 3: Q-Q Plot Comparison

The Q-Q plot (Quantile-Quantile plot) is a graphical technique used to compare the quantiles of two datasets.
In this case, it involves plotting the quantiles of the observed data against the quantiles of the calibrated ensemble
data in order to assess the conformity of calibrated and theoretical normal distribution as shown in Fig. 7.

Aiming to mitigate the deviation in the Q-Q plot trendline, a 45-degree line (slope=1) was constructed to be
set as a benchmark. If the data points fall below the 45-degree line, it means that the sample data has lower
quantiles (smaller values) compared to the theoretical distribution, indicating that the sample data has heavier
tails or more spread out than the theoretical distribution. This suggested that the sample data is more closely
packed around the mean compared to the theoretical distribution.

Q-Q Plot for Windspeed Adjusted Q-Q Plot for Windspeed
(Observation vs m043-d4PDF) : September 1997 (Observation vs m099-d4PDF) : September 1997
9

m-043 d4PDF Windspeed (/)
m-043 4PDF Windspeed (m/s)

4 .
Observation Windspeed (mjs|

Remarks: Bias Commection - 0,575

Fig. 7 The Q-Q plot and its adjustment for windspeed dataset

Conversely, if the data points fall above the 45-degree line, it means that the sample data has higher quantiles
(larger values) compared to the theoretical distribution, indicating that the sample data has lighter tails or is more
concentrated around the mean than the theoretical distribution. Regarding windspeed in Fig. 7, the sample data
has more extreme values and is adjusted towards the 45-degree line.

3.1.4 Step 4: Return Period Calculation

The calculation of return periods involved determining the probability of an event of a certain magnitude or
threshold being exceeded in a given time period. The data was sorted in ascending order, and a threshold level
was defined to identify extreme events. The return period was estimated using the formula (N + 1)/(R + 1), where
N is the total number of data points and R is the rank of the threshold level. This provided an average time between
events of similar magnitude. While this approach offers initial insights, it assumes a stationary probability
distribution. Nonetheless, the return periods were calculated for all ensemble to determine the maximum, average
and minimum values for future scenarios as shown in Fig. 8.
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Fig. 8 Calculation of return period for selected ensembles

3.2 Modelling Baseline

From the analysis of selected ensembles, the raw data was converted and transferred into MIKE21 HD format.
The converted wind and SLP datasets were shown in Fig. 9 and Fig. 10. The simulation involved running scenarios
with and without wind conditions to obtain the modeled tidal elevation.

The Root Mean Square Error (RMSE) calculation was then applied, serving as a statistical measure to quantify
the divergence between predicted and actual variable values. It is widely employed in regression analysis for
assessing the precision of a predictive model. The observed tidal level (represented in graph as predicted tidal
level) was plotted against modelled tidal level of d4PDF HPB data as shown in Fig. 11.
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Fig. 9 Converted wind-d4PDF dataset into MIKE 21HD format
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Fig. 10 Converted SLP-d4PDF data into MIKE 21HD format
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Fig. 11 Tidal elevation comparison between modelled and observed datasets

Table 2 displays the RMSE values obtained for each station, indicating the accuracy of the model's predictions
compared to the observed data.
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Table 2 RMSE calculation at each station

Ref Station Name RMSE (%)
1 Geting 13.37
2 Chendering 10.95
3 Kuala Pahang 8.98
4 Tanjung Sedili 7.27

For the station "Geting," the RMSE value of 13.37% suggested that the model's predictions have an average
error of 13.37% compared to the observed data. Similarly, for the station "Chendering,"” the RMSE value of 10.95%
represents an average error of 10.95%. Both stations show reasonably good agreement between the model and
the observed data.

The station "Kuala Pahang" exhibits a lower RMSE value of 8.98%, revealed a higher accuracy of the model in
predicting the SSH at this location. Lastly, the station "Tanjung Sedili" has the lowest RMSE value of 7.27%,
representing the closest match between the model predictions and the actual observations.
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Fig. 13 Current velocity in Y-direction
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Overall, the lower RMSE values for all stations demonstrate the effectiveness of the MIKE 21 flow model in
simulating SSH accurately. As the RMSE fell within acceptable range, hindcast and forecast simulation were
conducted. From the output, the maximum current velocity was extracted in X and Y direction as shown in Fig. 12
and Fig. 13. In the current velocity in X-Direction, colors shift from dark purple to red, representing different
strengths of east-west currents. Similarly, the current velocity in Y-Direction uses a color spectrum to illustrate
variations in north-south current velocities. Warmer colors indicate higher speeds.

MIKE 21HD is capable of providing the current speed as well. Fig. 14 displays the plot for maximum current
speed, which varies depending on factors such as tidal cycles, seasonal weather patterns, and ocean currents.
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Fig. 14 Current speed around study area

3.3 Simulation Analysis: +2K and +4K Scenarios

To compute the surge heights, the predicted tide was subtracted from the observed tide gauge data for each
station during a specified timeframe. For this analysis, the duration was limited to the period between November
to March, encompassing the northeast monsoon (NEM) season, spanning a total of five months.

e Scenario 1 (past data): 2010 to 2011
e Scenario 2 (future data): +2K climate change for year 2090 to 2091
e Scenario 3 (future data): +4K climate change for year 2090 to 2091

Fig. 15 illustrates the comparison between three distinct scenarios where the graphs indicate that a rise in
temperature is correlated with an increase in SSH. The data consistently demonstrates that the +4K climate change
datasets produce surge height readings that are higher than those of the +2K datasets.
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Apart from current speed, MIKE 21HD also has the capability to identify the maximum surge height, which is
illustrated in Fig. 16. The values obtained from the output were extracted and presented in tabular form, as
depicted in Table 3.
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Fig. 16 Maximum surge height identification

Table 3 Maximum surge heights at each station

Maximum Surge Heights (m)

Station Scenario 1 Scenario 2 Scenario 3
(Past: 2010 to 2011) (Future: +2K Climate Change) (Future: +4K Climate Change)
Geting 0.852 1.035 1.251
Chendering 0.619 1.167 1.344
Kuala Pahang 0.683 1.159 1.379
Tanjung Sedili 0.888 1.039 1.089
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Based on the presented data, it is apparent that SSHs are projected to increase for all stations under future
climate scenarios (+2K and +4K) in comparison to the past scenario. The rise in surge height for all stations is in
line with the temperature increase observed in the +2K and +4K scenarios. Furthermore, the results indicate that
the surge height increment is directly proportional to the temperature increase, with higher temperature
increases resulting in higher surge heights. In comparing the +2K and +4K scenarios, it is evident that the SSH
increment is more significant in the +4K scenario than in the +2K scenario for all stations. This is expected since
the temperature increase is more severe in the +4K scenario compared to the +2K scenario.

For Geting in Kelantan, the SSH projection is expected to rise from 0.852m in the past scenario to 1.035m and
1.251m in the +2K and +4K scenarios, respectively. For Chendering in Terengganu, the SSH projection is expected
to increase from 0.619m in the past scenario to 1.167 m and 1.344 m in the +2K and +4K scenarios, respectively.
Similarly, for Kuala Pahang in Pahang, the SSH projection is expected to increase from 0.683m in the past scenario
to 1.159m and 1.379m in the +2K and +4K scenarios, respectively. In contrast, Tanjung Sedili in Johor is the only
station with a slight decrease in SSH projection to 1.039 m and 1.089 min the +2K and +4K scenarios, respectively.

A comparison between stations reveals that the SSH projections are higher in the east coast of Peninsular
Malaysia, particularly in Kelantan and Terengganu, with a projected increase of up to 0.725m in the +2K and +4K
scenarios. Pahang also shows a significant increase in the SSH projections, with a projected increase of up to
0.696m in the +2K and +4K scenarios. In contrast, Johor is the only station with a slight decrease in the SSH
projection in the +2K and +4K scenarios.

The direct proportionality between temperature increases and surge height increments, observed in our
study, aligns with the historical trends identified by Anuar et al. [20], thereby strengthening the temporal
correlation between climate dynamics and storm surge occurrences. The study spans a period from 1986 to 2013
and observes a decline in surge levels in the late 90s, followed by a gradual increase, aligning with our projection
of future SSH scenarios (+2K and +4K). The observed pattern of increment is consistent with the current
understanding of climate change’s impacts on SSH. The higher sea surface temperatures projected in the future
scenario contribute to increased evaporation and moisture content in the atmosphere, leading to more intense
storms and higher SSHs. These changes contribute to an elevated storm surge risk along the coastal areas,
especially when combined with other factors like heavy rainfall, strong winds, and high tide.

SSHs can be considered dangerous depending on various factors such as the topography, coastal
infrastructure, and population density of the affected areas. The provided data does not explicitly indicate the
danger level of these SSHs. It is crucial to assess the vulnerability and resilience of the coastal areas and their
preparedness to handle such events. To determine the significance of the SSHs, further analysis is required,
including the local coastal conditions, land use patterns, and potential impacts on human settlements, ecosystems,
and infrastructure.

4. Conclusion

In conclusion, this study utilized the MIKE 21 flow model and data from the d4PDF database to investigate the
impacts of climate change on SSH in coastal areas of Malaysia. Numerical validation through RMSE and LR analysis
confirmed the accuracy of the model and the reliability of the d4PDF data in addressing climate change scenarios.

During the northeast monsoon (NEM) duration, the analysis revealed a consistent trend where the SSH (SSH)
increment correlated with the increment of temperature. The future climate scenarios of +2K and +4K
demonstrated significant increases in SSH compared to the past baseline period. The findings highlight the
potential risks and challenges posed by climate change on coastal regions, especially during NEM events.

The results of this study are crucial for coastal management and planning in Malaysia. By providing valuable
insights into the impacts of climate change on SSH, policymakers, urban planners, and coastal communities can
make informed decisions and implement effective adaptation strategies to mitigate the potential consequences.
By recognizing the alignment between SSH increment and temperature increase, stakeholders can take proactive
steps to address the challenges posed by rising SSHs and safeguard the coastal communities and ecosystems of
Malaysia from the impacts of climate change.
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