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Evaluation of coastal hydrodynamic performance using statistical analysis at the Kelantan coast, Malaysia
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Abstract

Coastal zones are vulnerable to the effects of nature and man, as well as being physically volatile. The interaction of hydrodynamic conditions in coastal areas is a complex phenomenon. Considering the characteristics in this specific area, understanding its hydrodynamic behaviour should be obviously clarified. Thus, the hydrodynamic characteristics for Kelantan coast had been simulated using a numerical software of MIKE 21 Hydrodynamic FM. To assess the performance of the model, a combination of time series analysis and statistical evaluation were carried out against two weeks of observed data. Time series analysis shows a good agreement with the field measurements for both magnitude and phase. Statistical analysis using Root Mean Squared Errors (RMSE) and Regression analysis (R2) for current speed and water level were analysed. The results indicate that the RMSE for current speed are 8.97% and 8.00% for ADCP 1 and ADCP 2, respectively while the RMSE for water level is 8.89 %. Through the regression analysis, the output indicates that the numerical model is in a good performance as the R2 ranged from 0.72 to 0.9. Both time series and statistical approach were successfully utilised in the hydrodynamic model to determine the performance of the coastal hydrodynamic characteristics in Kelantan’s coastline. The output model can provide important information, especially on the coastal management and land-use planning for the developers, planners and state authority.
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Introduction

Coastal hydrodynamics are controlled by many natural elements such as bathymetry, meteorological forcing, currents, and tides  (Fitri et al., 2017; Department of Irrigation and Drainage, 2001). However, with the interference from human activities and development along the coastal zones resulting this area to become a dynamic system (Kulkarni, 2013). Hence, it is essential to study the dynamic of coastal zones and its responses towards these interference especially for many coastal engineering applications such as coastal erosion protection structures. Furthermore, monitoring and understanding the hydrodynamic characteristics are significant for coastal engineering related activities which can be performed using numerical and physical modelling. Physical and numerical modelling have been an important tools for researchers to mimic and solve the problem of coastal processes for many years. 
	Physical models are scale-down model into a smaller size to represent actual dominant forces in the correct proportion system. While, numerical models using a mathematical formulation that has been described as hydrodynamic processes to represent coastal processes well (Blacka et al., 2007). However, the performance of the coastal models need to be calibrated and verified with sufficient observed data because of the complex elements in the coastal area (De Vos et al., 2021; Prasetyo et al., 2018). Several numerical models have been demonstrated to identify the best approach for understanding hydrodynamics characteristics due to dynamic environment in coastal area; and these models are recently being used as an effective tool to help in decision making such as MIKE 21 developed by DHI, also known as Denmark Hydraulic Institute, (2011). The modules in MIKE 21 can be used in various applications such as design assessment, optimisation of coastal structures, environmental and ecological assessment in the coastal dynamics.
[bookmark: _Hlk75523567]The human population and activities are increasing in the coastal regions. Therefore, numerical modelling is an effective tools in order to ensure that the coastal areas do not become hazardous to human life and economic interests, including sustainably managed (Ariffin, 2018; Ariffin et al. 2020; Ehsan et al. 2019; Gill et al., 2014; Mohamed Rashidi et al. 2021). Hence, it is crucial to understand the hydrodynamics and the transport of sediments on coastal areas and their effects (Haditiar et al. 2019; Tam et al. 2019; Zhang et al., 2009). Coastal hydrodynamics and sediment transport sudy using numerical modeling is  a common way for assessing problems in Coastal Engineering (Sawczyński & Kaczmarek, (2014). Nevertheless, many numerical modelling techniques for coastal areas are being created, but not very much research on Kelantan Coast has been done, particularly on hydrodynamic model performance.Therefore, the main aim in this research is to assess the accuracy and performance of the hydrodynamic model simulation at Kelantan coastline by using unstructured hydrodynamic approach of the MIKE 21 FM (Version 2019; licensed ID 1002091) software (Denmark Hydraulic Institute, 2011).


Literature review

The coastal processes on the east coast of Peninsular Malaysia are influenced by the monsoonal system brought from East Asia, which delivers a high intensity of linked physical natural phenomena associated with current speeds, tides, waves, winds, and rainfall frequency during the winter season and has a significant impact on the cycle of beach erosion and accretion in Malaysia. Peninsular Malaysia has a coastline length of 1,972 kilometres out of a total length of 4,809 kilometres (Ehsan et al. 2019; Gill et al., 2014; Mohd et al. 2018; Razak et al. 2018), and more than half of the Peninsular coast is eroding. 
Recent coastal development and land use change have required the creation of comprehensive numerical modelling software to calculate coastal erosion, the impact of engineering works, and the influence on the ecological environment ( Dunstan et al. 2019; Gill et al., 2014; Mohamed Rashidi et al. 2021; Razak et al. 2018; Tam et al. 2019; Tobergte and Curtis 2013). Because of the considerable diversity in physical forcing, geometry, hydrodynamics, and circulation of estuarine systems, a variety of numerical models have been developed, each designed for a specific purpose.
Time series and statistical output are often used to assess the model's simulation performance with data measurement. Time series analysis offers enormous helps in the calibration step, however this is not informative enough to minimise the discrepancies in the model. Hence statistical analysis are recommended to quantify the goodness of fit (Williams and Esteves, 2017; Mirzaei et al., 2013; Chu et al., 2004). The model's accuracy can be calculated using root mean square error (RMSE), which is the average squared difference between the measured and predicted values. The RMSE values indicate the less residual value between both two data set denote better model performance (Simon and Hashemi, 2018). However, RMSE analysis has greatly emphasized on large errors compared to small ones and it is also very sensitive with false or outlier in the data set (Kavuncuoglu et al., 2018). Therefore, a regression model using the coefficient of determination or R-squared (R2) is often used to represent the proportion of the variance in the dependent variable.  
According to the previous study, there is a serious lack of knowledge about Kelantan Coastal regarding to historical records of physical marine data and hydrodynamic modelling studies. Mohtar et al., (2017) has conducted a numerical modelling study using the MIKE21 model suites to evaluate the hydrodynamic parameters in Kelantan Delta. The results indicate that the marine effects on the study region are intimately tied to the Monsoons, with the Northeast Monsoon having the highest sea and swell conditions (Ariffin, et al., 2018; Ehsan et al. 2019;Maruti et al., 2018; Samaras et al., 2013; Toriman et al., 2015). The study also suggests that there is a lack of a comprehensive strategy to guide an integrated and sustainable management, such as changes in land use that result in degradation and reduced size of the various wetlands habitats, which will consequently disrupt the economic value for the local population.
	Another research conducted by Azad et al., (2016) mentioned that flood propagation could be better understood by employing hydrodynamic modelling to simulate velocity and water level. The spatial complexity of the schematization in 1D model and 2D model, can be used to identify hydrodynamic flood routing. Therefore, a flood mitigation strategy can be designed using hydrodynamic modelling for future flood protection.


Material and methods
[bookmark: _Hlk75524531]
MIKE 21 Flow Model FM is based on two dimensional modelling system that uses unstructured mesh approach. This model relies on the flexible mesh method and it is generally used for most coastal and marine approaches (Jusoh et al., 2014; Borgersen, 2016). The Hydrodynamic is a basis module in the MIKE 21 Flow Model modelling system (Denmark Hydraulic Institute, 2011). This module simulates various environmental application over geographic areas in lakes, river mouths, lagoons, bays, shallow water areas, and open seas. The flows of hydrodynamic in the coastal areas are calculated in x and y direction based on volume and momentum as shown on equations following: 

Y-direction;


X- direction;


The equation of continuity:



Where x and y are direction components, (x,y,t) is surface elevation (m), h(x,y,t) is water depth (m), d is time variable water depth (m), g is gravity acceleration (m/s2), atmospheric pressure (kg/m/s2),  is the water density (kg/m3), and   is shear stress.

[bookmark: _Hlk75523637]Data required for the hydrodynamic flow model from MIKE 21 consists of bathymetry and topography data, river discharge from the main connected river, meteorological parameters, sediment properties and bed resistance. Figure 1 depicted a location of the study area and situated facing the South China Sea which the tidal dynamic and circulation of current pattern in this area are mostly influenced by the geographical, topographical and monsoon winds which agreed by many previous studies  (Wyrtki, 1961; Chu et al., 2004; Zu et al., 2008; Han et al., 2021). 
[image: KeyplanAidaStaclim]
Figure 1. Study location at coastal area of Kelantan 
[bookmark: _Hlk75524549][bookmark: _Hlk75524580]A high-resolution bathymetry study was carried out concentrated along the Kelantan coast, covering an area from Sungai Kemasin to Sungai Kelantan which is approximately about 20 km x 5 km as shown on Figure 2. This survey was done during the spring tide in July 2018. The Temporary Bench Mark (TBM) was setup at the existing jetty for tidal correction. The detailed bathymetric data surrounding the study area will be referred to Cartesian coordinates in UTM 48N and reduced to Mean Sea Level (MSL) and Chart Datum (CD) for numerical modelling input. The survey depths recorded ranging from -0.01m to -11.54m relative to a chart datum. Furthermore, the bathymetry data apart from survey area was extracted using C-MAP digital chart which has been included in the DHI package. The bathymetric map was handled by MIKE Zero’s Bathymetry Editor and Mesh Generator (Denmark Hydraulic Institute, 2017) to produce a flexible mesh with spatial grid resolution ranging from 10 m along the shoreline to 3,000 m towards the open sea.

[image: surveybathy]
Figure 2. Conducted bathymetry survey along Kelantan Coast (from Sungai Kelantan to Sungai Kemasin)


For Kelantan Coast model, the computational domain is enclosed by four boundaries consists of the shoreline, an offshore boundary, and two open cross-sections in the lateral boundary (Ding et al, 2016). This task's goal is to allow water level energy to act as primary forcing across the model domain. Following that, the boundary information for each code is specified. A code value for the open water boundaries can be provided when the mesh was built using the MIKE Zero Mesh Generator. An offshore boundary for code 3(East) and lateral boundary for code 2 (South) and code 4 (North) are specified in the mesh file. Generated water levels are obtained from global tide model provided by DHI. 
[bookmark: _Hlk75524742]As illustrated in Figure 3, two units of Acoustic Doppler Current Profiler (ADCP) were installed at two places along the Kelantan coast, to collect a complete semidiurnal tidal periods. The ADCP were used to measure vertical current profile data to produce current speed and its directions which later to be used in calibration and verification processes. A tide gauge was installed at Kuala Besar Marine Department's Jetty and recorded the water level at 10-minute intervals. All the measured data were collected for 14 days from 27th to 9th August 2018 in the study area. 

[image: MeasuredLocation]
Figure 3. The Locations of Tide gauge, ADCP 1 and ADCP 2 installed at Kelantan Coast


Results and discussions

Time series analysis

The model simulation output were calibrated and validated with the water level, current speed, and its direction measured in real time (in-situ) at the northeast part of Peninsular Malaysia. Figure 4 shows the calibrated time series water level obtained from model simulation and water level measured at the jetty of Kuala Besar Marine Department, installed Tide Gauge, ADCP1 and ADCP2, which denotes a good agreement and corresponding shape with the field measurements. This finding is consistent with the findings of past studies by Azid et al., (2015), which found that the flow patterns around this study area correspond to the impacts of the semidiurnal tides, which have two high tides and two low tides on a lunar day. Zu et al.,(2008)  found that the response of tidal dynamics in this area are greatly influenced by local geography and bathymetry. 
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(a) Station Tide Gauge
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(b) Station ADCP1
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(c) Station ADCP2

Figure 4. The pattern of water level at Jetty of Jabatan Laut Kuala Besar.

Figure 5 shows time series validation for current speed between simulation and field measurements at ADCP1 and ADCP2. The analysis shows a good agreement with current characteristics which is greatly influenced by tidal amplitude, phase and direction especially during peak flow for ebb and flood tides (Williams and Esteves, 2017). A research finding by Mohammad Noor et al., (2013) also mentioned that Kelantan coast is facing the South China Sea, and numerous anthropogenic activities such as human residences and recreational facilities had been constructed along the beach. Therefore, these activities would be affect the adjacent hydrodynamic characteristics. Kamarudin et al., (2017) demonstrated that the speed of water flows is the main factor which will effect the capacity to move and transport the sediment. 
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(a) Current Speed
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(b) Current Direction
Figure 5. Time series comparison between observed and model simulated data at station ADCP1 and ADCP2 

Statistical analysis
[bookmark: _Hlk75525299]Table 1 shows the values of Root Mean Square Error (RMSE) and coefficient of determination (R2) in the model calibration and validation processes. The RMSE values for calibration and validation of water level at three stations indicate good performance based on the ‘Guidelines for Preparation of Coastal Engineering Hydraulic Study and Impact Evaluations, 5th Edition’ published in December 2001 and a piece of additional information published in 2013. According to the Hydraulic Guideline on the Department of Irrigation and Drainage (DID) on 2013, the standard error allowed for current speed should be no more than 20%. For the water level, the tolerance of DID requirement is not more than 10%. From the results, the RMSE value for all stations are comparable between current speed and water level with the value ranging from 8.0% to 8.89%. Since this model is only forced by pure tide conditions, the resulting RMSE value is almost similar.

Table 1. Statistical Methods using Root Mean Square Error (RMSE) and coefficient of 
determination (R2) for water level and current speed parameters.
	No
	Hydrodynamic Parameters
	RMSE (%)
	R2

	1
	Water Level (m)
	8.89
	0.94

	2.
	Current Speed (m/s)
ADCP 1
	
8.97
	
0.72

	
	ADCP 2
	8.00
	0.87









[bookmark: _Hlk75525493][bookmark: _Hlk75525520]Based on the regression method, the coefficient of determination (R2) has been obtained to assess on how good the model performance as a predictor.  Figure 6 shows the regression test result of the water level and current speed for this research region, which is calculated to be exactly 1, showing that this simulation model provides a good prediction output. The results also produce a significance level of the correlation values with p<0.05 for all stations. The range of R2 values for these hydrodynamic parameters is around 0.72 to 0.94. From the results, the R2 values at ADCP2 is found to have a high correlation value compared to ADCP1, this might be due to high noise in the observed current speed data on ADCP1 which resulting to low R2 value as shown in time series analysis. In the hydrodynamic parameter, high value of R2 for water level compared to current speed is expected because the observed current speed is always much noisier than the water level. Hence, the water level parameter shown better performance compared to the current speed. 
[image: WaterLevel] R2 : 0.94

(a) Water level at tide gauge station 
[image: station1] R2 : 0.72

(b) Current speed at ADCP1
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(c) Current speed at ADCP2
Figure 6. Regression model and calculated coefficient of determination (R2) at measuring stations.
Furthermore, since the model is forced by purely tide conditions, it is expected to get a high correlation value because tide is predictable compared to current except under the influence of extreme meteorology factors such as storm surge (Polagye et al., 2010). In terms of magnitude deviation, other factors (e.g. meteorological, river discharge) may play an important factor in the RMSE value. Hence, the RMSE value is higher for water level compared to the current speed. 
To achieve the most accurate predictions, both statistical methods were tested. As a result, almost all statistical approaches used in this research showed that the model is well calibrated, validated and accepted. It is crucial to have an accurate model, especially along Kelantan coast where the hydrodynamic processes are complex and complicated. Furthermore, Radzir et al., (2018) stated that during the northeast monsoon, the Kelantan delta and coastline were impacted by numerous destructive waves that caused erosion at the higher beach and deposits the sediment at the offshore bars. Plus, a study by Zu et al., (2008) stated that the veracity of the coastal topography played an important role in order to determine model accuracy. Meteorological forcing such as wind and waves, dynamic morphology and complexity of the coastal processes in this area may not be well resolved, thus could be the reason why the current speed performance is lower than the water level. In addition, higher model grid resolution and accuracy of the bathymetry and topography survey are an important factor to improve the efficiency of the coastal modelling (Brown & Kraus, 2007; Reid et al., 2014).  Plus, the study area is prone to high risk during the heavy rainfall season from December to February. Wan Ahmad & Abdurrahman (2015) reported that on 2014, eight Kelantan territories were affected severely due to heavy rains which caused massive flooding. During these events, a natural disaster may cause major damages to the community and existing infrastructures. Therefore, during the monsoon season, implementing meteorology forcing may be required to improve model performance for this study area. 

 
Conclusions

The statistical approaches applied in the numerical model for this research show a high performance between the simulation and the observed data. The RMSE and regression method had been effectively assessed in the model for recognizing the accuracy of the hydrodynamic parameters at Kelantan Coast. The output indicates that the numerical model is in a good performance for the water level, current speed and current direction. Finally, the model output for Kelantan coast has been validated and can be used and help to provide important information, especially on the management and land-use planning for the developers, planners and state authority.
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