
Effectiveness of tidal control
gates in flood-prone areas during
high tide appearances

Mohd Nazri Yasmin1,2, Siti Fatin Mohd Razali1*, Suraya Sharil1,
Wan Hanna Melini Wan Mohtar1 and Khairul Adzim Saadon2

1Department of Civil Engineering, Faculty of Engineering and Built Environment, Universiti Kebangsaan
Malaysia, UKM Bangi, Selangor, Malaysia, 2Department of Irrigation and Drainage, Ministry of
Environment and Water, Kuala Lumpur, Malaysia

Managing floods in low-lying coastal plains are challenging because of the

complexity of the underlying physical processes and the combination of factors

such as high tides and, severe storm events. In Malaysia, there were concerns

from local people about the construction of a tidal control gate that is believed

to contribute to the causes of local flooding. The performance of tidal control

gates as flood control structureswas studied to determine their significance and

importance. The objective of this study is to evaluate the effectiveness of tidal

control gates in reducing the impact of floods during high tide with severe

storm events. The methodology of the study requires the usage of the

hydrodynamic model using design rainfall for three scenarios with land use

changes in 2015 and 2020. Three feasible scenarios were identified and further

investigated. Scenario 1: without a tidal control gate; Scenario 2: with the

existing tidal control gate fully open; and Scenario 3: with the existing tidal

control gate fully closed. The simulation result clearly shows that the floodplain

is smaller in 2015 as compared to the land use changes in 2020 because of land

use permeability. In addition, the floodplain for Scenarios 2 and 3 in 2015 and

2020 is 2%–3%, respectively, smaller than that of Scenario 1 for the 20-year

average recurrence interval and 3%–8%, respectively, smaller for the 100-year

average recurrence interval. The results showed the influence of heavy rainfall

whereby the maximum downstream discharge increment varied from 4.06% to

4.28% during high tide. Whereas the flow level for the 100-year average

recurrence interval shows an increment from 0.52% to 1.53%. If the tidal

control gate is not operated properly it will cause the tidal water to flow

back into the upstream areas thus exposing to an increased floodplain area

ranging from 2.3% to 8.4%. Which emphasizes the importance of operational

methods for tidal control gate in determining its efficiency. However, further

studies should also be done on the reduction of damage value involved with the

construction of tidal control gate, its value in saving lives, property and in other

parts of the world having different tidal variations.
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1 Introduction

Urban heat not only threatens urban ecosystems and human

health, but also has significant economic and social

consequences. It causes a significant increase in global

temperature, leading to increases in atmospheric

evapotranspiration and moisture content, as well as changes

in precipitation patterns (Wang et al., 2016). These minor

changes can lead to a significant increase in precipitation

extremes, which become more intense and frequent as the

climate warms (Shahid et al., 2016). The effects of global

warming are even more catastrophic in densely populated

areas, especially in coastal regions. According to (Pour et al.,

2020), coastal megacities in developing countries face growing

challenges such as rapid urbanization, inadequate infrastructure,

and lack of basic amenities to meet the needs of growing

populations. The geography of these coastal megacities makes

them vulnerable to natural disasters, especially flooding.

The phenomenon of climate change is accompanied by rapid

development, leading to major challenges in planning and

managing urban areas (Muhammad Arshad et al., 2020).

Global climate change is usually associated with global

warming, which is a very complex and time-consuming

process (Mohd et al., 2018). In order to meet global climate

change commitments, resilient cities have gained significant

attention in public policy and are critical for climate

management of the 6.3 billion people who will live in cities in

2050 (Chuang et al., 2020). The goal of creating a resilient city is

to reduce both vulnerabilities to flooding and exposure to hazards

(Hofmann, 2021). Achieving disaster resilience and reducing

risks require more than just rebuilding or recovering from a

disaster, as social justice, participation, and livelihoods must also

be promoted.

Widespread economic and physical development are

changing the environment and putting people at a greater risk

of environmental disasters. The conversion of large forest areas

into cities, settlements and industry threatens the functioning of

natural systems which leads to negative environmental impacts

(Syed Hussin and Ismail, 2016). The catastrophic floods that have

hit the world have had a profound impact on people’s lives. The

World Meteorological Organisation (WMO) has confirmed that

floods are the third largest natural disaster in the world (Rokiah

et al., 2014), and the damage increases to more than $1 trillion

every year (Liu et al., 2021). Preventing and mitigating flooding

requires continuous research, numerous investment decisions

and extensive expansion and reconstruction of flood protection

infrastructure (Haque, 2000). Flooding occurs when an area is

inundated by an amount of water that exceeds the hydraulic

capacity of the catchment area, such as rivers, drainage systems

and reservoirs (Hua, 2016). In 2016, Yangtze River floods in

China affected more than 1.044 million people and caused

economic losses of 3.45 billion yuan (Liu et al., 2021). In

Malaysia, the frequency of flood is increasing every year and

affects the population, especially those living in low-lying areas

such as floodplains of riverine. Based on flood record, Malaysia

had an inundated area of 33,298 km2, which is 10.1% of the

country’s land area. A total of 5.7 million citizens are at risk from

the floods, resulting in an average loss of RM36 billion per year

(Department of Irrigation and Drainage Malaysia, 2020).

Previous studies show that flooding is caused by natural

environmental factors as well as human activities (Ahmad and

Simonovic, 2000; Chan, 2002). Furthermore, the usage of

computational simulation techniques with the involvement of

end user will increase the confidence of the model development

to ensure a realistic outcome is attained when handling complex

dynamic system (Ahmad and Simonovic, 2000). Natural

environmental factors are caused by uneven spatial and

temporal distribution of rainfall (Chan, 2002) or heavy and

persistent rainfall (Hamzah et al., 2020), low and hilly

topographic conditions near rivers including estuaries (Gasim

et al., 2010), tidal influences including sea level rise due to climate

change (Huong and Pathirana, 2013; Abbas et al., 2014) and the

combined effect of high tide and heavy rainfall (Shen et al., 2019).

Extreme rainfall, especially on steep terrain can also significantly

weaken the soil and cause mudslides that damage homes, roads

and property, and pose an even greater risk to human life

(Samsuri et al., 2018).

Human activities that cause floods include alteration of the

hydrological landscape of watersheds, such as increase in

impermeable surfaces and decrease in permeable surfaces

(Huong and Pathirana, 2013), insufficient capacity of drainage

systems (Gao et al., 2020), maintenance of imperfect rivers and

canals (Gasim et al., 2010), and construction of bridges, sewers,

spillways, and sluices that affect river flow and existing drainage

systems. The construction of bridges, which does not take into

account future increases in rainfall, also affects flow velocity and

river levels, leading to flooding upstream of the bridge

(Brandimarte and Woldeyes, 2012; Costabile et al., 2015).

The influence of these two factors can lead to changes in the

flow profile of rivers and drainage systems (Toriman et al., 2009).

The flow profile indicates the height of the flow curve, with an

increase in the height of the flow curve downstream indicating

backwater. The type of discharge profile depends on the basic

condition of the channel slope (Chow, 1959). Backwater occurs

when the flow in hydraulic channels such as rivers and drainage

systems is disturbed by natural and man-made obstructions. The

influence of the tidal, natural changes in the river profile and

structures such as bridges and piers (Konrad, 2003; Costabile

et al., 2015) also affect the increase in flow velocity and river level

and can cause backwater in the headwaters and its tributaries.

Consequently, the water level in the upper reaches of the river

network increases as compared to the lower reaches and the flow

velocity in the urban drainage system eventually decreases,

leading to flooding (Hassan, 2005; Toriman et al., 2009).

Tidal control gates and barriers are structural methods of

managing flooding due to tidal influences, particularly in
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agricultural and urban areas (Walsh and Miskewitz, 2013;

Department of Irrigation and Drainage Malaysia, 2020). They

are mainly used in estuaries and downstream areas (Wu et al.,

2015). The ability of tidal control gates to provide flood

protection depends on how and for how long they are in

operation (Li et al., 2017; Zhang et al., 2017). In Malaysia, the

Department of Irrigation and Drainage (DID) has built

1,589 tidal control gates by 2017 (Department of Irrigation

and Drainage Malaysia, 2020). However, studies by

(Mohamad et al., 2014) and (Muroi et al., 2021) show that the

impact of tidal control gates needs to be studied to ensure the

effectiveness of flood control along the river.

The effectiveness of tidal gate requires regular maintenance

and management in order to maintain its longevity and

performance, as it is often left alone for lengthy periods

(Charland, 1997) and there is a concern in the community

that the construction of the tidal gate will lead to severe

flooding. The effectiveness of TCG was recently questioned on

18 December 2021 during the major flood in Taman Sri Muda,

Shah Alam, Selangor, Malaysia with the operation of the gates

being the reason for persistent flooding in the area (Alhadjri,

2021; Ariff and Ramachandran, 2022). Based on the guidelines of

the Manual for Urban Stormwater Management in Malaysia

(MSMA) by the Department of Irrigation and Drainage

Malaysia, (2012), it was found that no attention is paid to the

assessment and impact of backwater, instead, the focus is on the

planning and design of tidal gates and flood gates (Lee and

Mohamad, 2016). Conventional methods of measuring the

amount of runoff entering the river system are also often

questioned (Leow et al., 2009). Therefore, there is a need to

clarify the importance and especially the impact of tidal gates as

an option for flood control, particularly in coastal areas with large

tidal phenomena.

The objectives of this study are: 1) to analyse the water level

profile of Aur River during severe storm events; 2) to investigate

the impact of backwater in regard to different operations of the

tidal control gates to the upstream part of the Aur River, taking

into account land use changes and tidal conditions; and 3) to

determine the effectiveness of tidal control gates in reducing

flood plain area using a hydrodynamic model.

XPSWMM is used for the modelling phase of the process as it

is able to simulate flood flows within the drainage network of

each catchment while providing information on inflow and

details of the flood event. It can be concluded that 2D

hydrodynamic modelling in the XP-SWMM package provides

considerable opportunities for users to carry out in-depth

analyses of urban drainage systems, waterways and floodplains

(Phillips et al., 2005; Kwak et al., 2016; Hasan et al., 2019). It

provides modelling capabilities for continuous simulations,

various hydrograph generation methods, a combination of

open and closed channels, loop networks, storage nodes,

including ponds, and numerous outfalls. Essentially, the

model can be used to solve the entire St. Venant equations

(hydrodynamic flow) for one-dimensional, unsteady, gradually

changing flows in a drainage network (Phillips et al., 2005).

The subsequent sections will cover methodology, result and

discussion and lastly conclusion. The methodology will further

describe the study area and explain the theories and principles for

the process of land use analysis, tidal analysis and hydrodynamic

modelling analysis including the model calibration and

validation. Results and discussion will then highlight the

findings of all the analyses involved and finally conclude the

study according to the aim and objectives. This paper will also

include acknowledgement and references of the study.

2 Methods

2.1 Study area

This study was conducted in the Aur River Basin in Klang

District, Selangor, Malaysia (see Figure 1), one of the largest river

basins in Klang District. It extends from 101.394531 T to

101.461029 T and 2.987979 U–3.000633 U on the west coast

of Peninsula Malaysia. The geometry of this river has a length

of 10.5 km, an average depth of 2–3 m and flows directly into the

Klang Strait with a catchment area of 3,798 ha. It is frequently

flooded due to the combination of natural factors and human

activities, such as rainfall distribution, land use changes, low land

topography, and tidal influences. In addition, the increased river

flow and hydraulic obstructions have led to flash floods in recent

years (Hasan et al., 2019). The TCG examined in this study is the

TCG Pandamaran, located on the Aur River (see Figure 1).

2.2 Data collection and analysis

2.1.1 Data collection
Primary data collection was carried out on site, including

technical survey work and water level measurements. Water level

measurements were taken only at the tidal control gate site using

ultrasonic sensors and visual interfaces under the control of the

Supervisory Control and Data Acquisition (SCADA) system (see

Figure 2). The data collected from the SCADA system is the observed

water level data at the tidal control gate based on specified intervals

(daily and hourly). The purpose is to compare the observed data from

SCADA with the simulated data from Sanitary, Storm and Flood

Modelling Software (XPSWMM) analysis.

Secondary data collection refers to studies and data from various

agencies such as rainfall data, Light Detection and Ranging (LIDAR),

tidal data and land use development data for the years 2009, 2015 and

2020 (Majlis Perbandaran Klang, 2011). Data from LIDAR for Klang

district provided by theDepartment of Survey andMappingMalaysia

was used to create digital elevation model (DEM) maps of the Aur

River model as in-put to the river geometry model XPSWMM

software (Amin, 2015). Hydrological and hydraulic data for the
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study area are used to calibrate and validate numerical hydrodynamic

river models to increase the effectiveness and accuracy of predictions.

The numerical hydrodynamic model of the river is used to represent

the current situation and make predictions for different conditions.

The use of numerical models is essential to solve the complexity of

different variables (Lee, 2017).

FIGURE 1
Map of the Aur River Basin, Klang District, Selangor, Malaysia. (Google Sites, 2022).
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2.1.2 Land use
The study area is developing rapidly due to increasing

urbanisation in the Klang District. The land use development

analysis is based on 2015 and 2020 data from the Selangor

State Structure Plan 2020 and the Klang Municipal Council

District Local Plan (Majlis Perbandaran Klang, 2011). This

includes identifying the land use distribution in the categories

of water bodies, built-up area, forest, industry, infrastructure

and utilities, institutional and community facilities,

residential areas, transport, commercial, agriculture,

undeveloped areas, open spaces and recreational areas.

Based on the land use data, the runoff coefficients were

determined based on the Urban Stormwater Management

Manual for Malaysia (MSMA) by the Department of

Irrigation and Drainage Malaysia (2012). In addition, the

analysis section also quantifies the changes from permeable

to impermeable surfaces that determine surface runoff. The

land use distribution for the Aur River catchment is shown in

Table 1.

2.1.3 Tidal data
The mouth of the Aur River is located near Port Klang

Station where the semi-diurnal tides prevail. Table 2 shows the

adjusted data from Admiralty Chart Datum to Land Survey

Datum required for this study (Port Klang Authority, 2010).

2.1.4 Hydrodynamic modelling analysis
The development of hydrodynamic model for the Aur River

using the 2D software XP-SWMM involves a network of

105 nodes, including 36 nodes representing sub-basin

FIGURE 2
Tidal control gate and SCADA system on the Aur River. (Source: At site photos).

TABLE 1 Land use in the upstream area of Aur River (Runoff coefficient was taken from the Urban Stormwater Management Manual for Malaysia
(MSMA).

Type of land
use (P- Permeable/I
-Impermeable)

Runoff Coefficient Years

2015 2020

(ha) (%) (ha) (%)

Water Body (P) 0.95 73.35 3.54 51.43 2.48

Under Construction (I) 0.70 124.90 6.02 130.33 6.28

Forest (P) 0.40 135.61 6.54 78.25 3.77

Industry (I) 0.95 143.78 6.93 170.86 8.24

Infrastructure and Utility (I) 0.95 96.53 4.65 57.37 2.75

Institutional and Community Facilities (I) 0.90 55.05 2.65 66.57 3.21

Residential (I) 0.70 651.78 31.42 850.97 41.03

Transportation (I) 0.95 308.49 14.87 332.01 16.01

Commercial (I) 0.90 145.51 7.02 168.74 8.14

Agriculture (P) 0.40 85.53 4.12 49.90 2.41

Vacant Land (P) 0.40 228.78 11.03 103.22 4.98

Open Space and Recreation (P) 0.40 24.90 1.20 14.56 0.70

TOTAL 2074.21 100.00 2074.21 100.00
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hydrological parameter inputs and 111 links representing

hydraulic parameter inputs and river discharge, as shown in

Figure 3. The upstream model boundary uses runoff inputs

generated from design rainfall in 20-, 50- and 100-year return

periods using the hydrographic unit method. The model

boundary in the downstream section includes tidal control

gates generated from tidal water level data.

The simulation approach of the model is based on the design

rainfall for three scenarios on land use changes in 2015 and 2020.

All scenarios refer to the simulation of the river network during

heavy rainfall and high tide in the lower reaches of the river

network with specific conditions for the tidal control gate (TCG).

The scenarios are:

Scenario 1—No construction of a TCG. This scenario models

the condition that there is no TCG, which means tidal water can

flow in and out freely.

Scenario 2—The TCG is operated with an elevated sluice

gate. This scenario models the condition that the TCG is present

but fully open.

Scenario 3—The TCG is operated with a lowered sluice gate:

This scenario models the condition that the TCG is present and

fully closed.

TABLE 2 Tidal levels at Port Klang station (Port Klang Authority, 2010).

Types of tidal Water level based
on chart datum
(m)

Water level based
on the reduced
level (m) (Chart
datum = + 3.864 m)

Highest Astronomical Tide (HAT) 6.10 3.08

Mean High Water Spring (MHWS) 5.27 2.25

Mean High Water Neaps (MHWN) 3.89 0.87

Mean Sea Level (MSL) 3.02 0.00

Mean Low Water Spring (MLWS) 2.52 −0.50

Mean Low Water Neaps (MLWN) 1.15 −1.87

Lowest Astronomical Tide (LAT) 0.00 −3.02

FIGURE 3
Model network of river flows and drainage systems Aur River basin and tidal control gate. (Source: XPSWMM Model Software).
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2.1.5 Model calibration and validation
Model calibration needs to be carried out for rainfall and

runoff data in the Aur River catchment. The calibration process

was done by adjusting the model parameters, the Manning

coefficient, and the infiltration coefficient. Once the

calibration process was completed, model validation was

carried out to retest the input of the adjusted model

parameters and accurately simulate the performance level for

the existing runoff of the study area. The comparison of data used

for model validation includes rainfall observation data and gauge

data in the Aur River catchment. The model evaluation method

uses statistical analysis approaches such as coefficient of

determination (R2), Nash-Sutcliffe coefficient of efficiency

(CE), relative peak error (RPE), root mean square error

(RMSE) and mean absolute error (MAE).

2.2.5.1 Nash-Sutcliffe efficiency coefficient (CE)

The Nash-Sutcliffe efficiency coefficient is a statistical

analysis method for determining the efficiency between

simulated and observed fields. The range of these coefficients

is from a negative value of infinity to 1. A value of 0–1 means that

the efficiency of the model simulation value is acceptable, and a

model simulation value less than 0 means that the efficiency of

the model simulation value is unacceptable. A CE value near to

1 means that the model can offer a more predictive skill (Ong,

2017). The following mathematical equation determines this

efficiency coefficient:

CE � Σ (Xest − Xobs) 2
Σ (Xobs − Xavg.obs)2 ,

where,

Xest = simulation level; Xobs = observation level; and Xavg.obs =

average observation level.

2.2.5.2 Root mean square error (RMSE)

Statistical analysis is used to measure the accuracy of study

data using the difference between model simulation values and

observed values. The scale of data accuracy ranges from 0 to 1,

with a model simulation value approaching 0 representing data

accuracy (Ong, 2017). The following formula determines the

RMSE:

RMSE �
������������
Σ(Pi − Oi)2

n
,

√

where,

FIGURE 5
Rainfall intensity-duration-frequency (IDF) curves for rainfall station 3014092.

FIGURE 4
The double mass curve for rainfall station 3014092.
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n = number of data of the observation period; Oi =

observation value up to observation period i; and Pi =

simulation value up to observation period i.

2.2.5.3 Mean absolute error (MAE)

Mean absolute error (MAE) is a method of statistical analysis

used to measure the absolute error between two variables, namely

the model’s simulation results and the observed values. MAE also

means the average vertical distance or horizontal distance

between each point and the identity line (Ong, 2017). The

following mathematical equation determines MAE:

MAE � ∑∣∣∣∣yi − xi

∣∣∣∣
n

,

where,

xi = simulation value; yi = observation value; and n = number

of data.

2.2.5.4 Relative peak error (RPE)

RPE is used in the study to measure the ability of the model to

achieve the predicted flow level. An RPE value approaching

0 indicates a good value for the predicted level (Ong, 2017).

The following mathematical equation determines RPE:

RPE � (Observed level – Simulated level)
Observed level

3 Results and discussion

3.1 Land use analysis

The land use analysis of the study area was carried out

using data from the development blocks of the Klang

Municipal Council District Local Plan 2020. Conversion of

permeable land to impermeable land leads to a reduction in

soil in-filtration rate and rainfall storage capacity on natural

plants, as well as a reduction in in-filtration area (Zakaria

et al., 2004). The land use distribution for the Aur River basin

is shown in Table 1. The land use analysis shows that the

percentage of pervious and impervious land in the Aur River

watershed in 2015 is 31.08% and 68.92%, respectively and

14.34% and 85.66%, respectively, in 2020. The changes from

permeable to impervious surfaces affect the infiltration rate

into the soil and the rain storage capacity of natural plants,

and reduce the infiltration area (Kustamar et al., 2019). These

changes cause surface runoff to increase and flow faster into

the existing drainage system of the Aur River, increasing the

flow velocity and discharge rate of the river, which can lead to

flooding (Zakaria et al., 2004; Brandimarte and Woldeyes,

2012).

3.2 Hydrology analysis

Rainfall data was collected from the DID telemetry station

3014092: Raja Lumu Secondary School, Port Klang, over a 12-

year period from 2006 to 2017. Consistency tests using the double

mass curve method were conducted to ensure the reliability of the

data. The station recorded an average annual rainfall of about

2,177 mm per year. The accuracy of the station data is assessed

using the double mass curve method which shows a correlation

value of R2 of 0.9974, as shown in Figure 4 indicating that the data

obtained is significant and consistent.

FIGURE 6
Calibration of the hydrodynamic river models. (Source: XPSWMM Model Software).

TABLE 3 Statistical analysis of the calibration of the average
hydrodynamic flow model.

Rainfall events R2 CE RMSE (m) MAE (m) RPE

Calibration 0.941 0.903 0.161 0.110 0.098

Validation 0.983 0.979 0.073 0.052 0.016
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Rainfall intensity-duration-frequency (IDF) analyses

were conducted to determine the design rainfall of the

study area at a different average recurrence interval (ARI),

as shown in Figure 5. The results of the frequency analysis

were used as input to the hydrological modelling to

determine the design rainfall for the 20- and 100-year

ARIs in this study.

3.3 Hydraulic analysis

3.1.1 Calibration and validation
The calibration process of the hydrodynamic model of the

Aur River was carried out by comparing the river level from

the hydrodynamic model simulation with the river level

observed by the SCADA station at the tidal control gate,

as shown in Figure 6. Model calibration was performed using

25 rainfall and flood events that occurred from 2016 to 2017.

These datasets were selected based on the operation of the

SCADA station from mid-2016 and rainfall in the upper

reaches of the Aur River. The results of CE, R2, RMSE,

MAE, and RPE for the simulation and observed data are

shown in Table 3. Model validation was conducted to retest

the input of the adjusted model parameters and accurately

simulate the level of performance for the existing runoff of

the study area, as shown in Figure 7.

FIGURE 7
Validation of the hydrodynamic river models. (Source: XPSWMM Model Software).

TABLE 4 Maximum discharge and flow level of the Aur River at the TCG.

Model simulation Maximum discharge (m3/s) Flow level (m)

Land use 2015 Land use 2020 Land use 2015 Land use 2020

ARI ARI

20-year 100-year 20-year 100-year 20-year 100-year 20-year 100-year

Scenario 1 136.405 162.380 137.630 162.845 2.681 2.676 2.681 2.676

Scenario 2 143.648 162.726 143.520 165.178 2.687 2.700 2.694 2.717

Scenario 3 140.617 163.369 143.220 164.747 2.685 2.689 2.688 2.690

TABLE 5 Floodplains areas around Aur River for all scenarios.

Model simulation Flooded area (km2)

Land use 2015 Land use 2020

ARI ARI

20-year 100-year 20-year 100-year

Scenario 1 1.78 2.33 1.79 2.49

Scenario 2 1.72 2.33 1.75 2.34

Scenario 3 1.72 2.25 1.75 2.28
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3.1.2 Simulation of the Aur River hydrodynamic
model

The hydrological and hydraulic analysis for the Aur River

was carried out using the hydrodynamic modelling software

XPSWMM. Model simulations of Scenarios 1 to 3 for the year

2015 and 2020 were carried out, including the presence and

absence of tidal control gates and the influence of high tides.

3.1.2.1 Flood hydrograph

Model simulations of the hydrodynamicmodel for Scenarios 1 to

3 based on land uses of 2015 and 2020 were carried out and yield the

maximum flow and water level of the river at the tidal control gate for

20- and 100-year ARIs, as shown in Table 4.

The simulation results of the hydrodynamic model show

that heavy rainfall affects the maximum total runoff and the

highest river flow level for Scenario 1 without TCG as

compared to Scenarios 2 and 3 with TCG, but with

different operation. This trend is consistent for both land

use changes in 2015 and 2020. Based on the results of the

hydrodynamic model analysis for the year 2020 during high

tide, the maximum downstream discharge for Scenarios 2 and

3 increases by 4.28% and 4.06%, respectively, as compared to

Scenario 1 for the 20-year ARI. For the 100-year ARI, the

maximum downstream discharge increases by 1.43% and

1.17% for Scenarios 2 and 3, respectively. A fully open

TCG, as in Scenario 2, influences the inflow of high tide

into the upper reaches of the Aur River and increases the

maximum discharge by 0.21% (20-year ARI) and 0.26% (100-

year ARI) as compared to Scenario 3. This increase in

maximum discharge shows the influence of high tide on

FIGURE 8
Flood hazard map for Aur River area for (A) 20-year (B) 100-year ARIs based on Scenario 3. (Source: XPSWMM Model Software).
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the upstream. The TCG, which is not closed during high tide,

has led to flood in-flow and backflow into the upper reaches of

the river.

The flow level in the downstream of the river for the same

year increased by 0.48% and 0.26% for Scenarios 2 and 3,

respectively, as compared to Scenario 1 for the 20-year ARI.

While for the 100-year ARI, the flow level for Scenarios 2 and

3 increased by 1.53% and 0.52%, respectively. A fully open TCG

as in Scenario 2 affects the inflow of high tide into the upstream of

the Aur River and increases the flow level by 0.22% (20-year ARI)

and 1% (100-year ARI) as compared to Scenario 3. This rise in

the water level shows that the influence of high tide on the

upstream of the river. The TCG, which is not closed during high

tide, causes the tidal water to keep flowing back into the upstream

areas. These results confirmed that the river level profile would be

higher due to the increased discharge and the reversal of tidal

water into the upstream area of the river as specified by (Costabile

et al., 2015).

In the absence of TCG construction, the modelling

simulation of Scenario 1 demonstrates that land use change in

5 years has no effect on river flow levels. However, in Scenarios

2 and 3, the land use change demonstrates an increase in river

flow level with the presence of TCG. This ascertains the influence

of the TCG to the river’s flow behaviour. Thus, when planning for

internal drainage system of land use development must take into

consideration of the TCG effect.

3.1.2.2 Flood plain analysis

The simulation of the inundation analysis was carried out

through a series of hydrodynamic modelling combinations for

the Aur River using XPSWMM. The inundation analysis through

2D hydrodynamic model simulations during the 20-year and

100-year ARIs showed that the built-up areas upstream of the

Aur River are inundated. The simulation results show the total

inundated area in Table 5 for the year 2015 and 2020 land uses,

respectively. Based on the results of the hydrodynamic model

analysis, the inundated area for both years was largest in Scenario

1 because there was no TCG structure controlling the inflow of

tidal water upstream of the Aur River. However, due to the larger

permeable area in 2015, the total inundated area is smaller than

in 2020. The construction of the TCG contributed to the

reduction in the inundated area as seen in Scenario 3 with a

reduction of 2.3% for the 20-year ARI and 8.4% for the 100-year

ARI as compared to Scenario 1 in 2020. In Scenario 3, a

functioning TCG means that there is no tidal influence on the

upstream area. If the TCG is closed during high tide, it can

prevent tidal water from the sea from reaching upstream.

However, this leads to a backwater effect in the upstream area

during high tide.

When compared to Scenario 3, a fully opened TCG leads to

an increase in tidal inflow into the upper stream of the Aur River,

which is exposed to a higher ARI. In 2015, the floodplain

increases by 3.6% for a 100-year ARI and by 2.6% in 2020.

However, for the 20-year ARI, the floodplain remains constant in

both years. This increase in floodplain area shows the influence of

upstream flooding. Tidal control gates that are not closed during

a flood always lead to inflows and backflows of tidal and flood

water. The simulation results of the hydrodynamic model of the

Aur River produce a flood hazard map for the 20- and 100-year

ARIs for Scenario 3, as shown in Figure 8.

The result of the simulation also shows that there is

significant impact on the build of the TCG throughout the 5-

year span in land use changes. There is a substantial increment of

up to 7% for 100-ARI of the total flooded area when there is no

TCG structure in the river network. However, no increment in

different operations of the TCG structure to the flooded area

throughout the 5-year span as modelled in Scenarios 2 and 3.

This shows how effective TCG is in flood mitigation in reducing

the damages that comes with it.

The results show that flooding in the Aur River development

area is influenced by heavy rainfall (20- and 100-year ARIs), land

use changes (permeable and impermeable land), hydraulic

inadequacies of the river and existing flows and tides.

Previous studies have also shown that the Aur River

catchment starts to flood at two ARI due to the same factors

such as rainfall, land use changes, inadequacies in the existing

river and drainage (Hasan et al., 2019).

4 Conclusion

The hydrodynamic river model successfully analysed the flow

velocity, river profile, area and depth of flooding occurring

upstream of the Aur River during the tides. The results

showed the influence of heavy rainfall whereby the maximum

downstream discharge increment varied from 4.06% to 4.28%

during high tide. Whereas the flow level for the 100-year ARI

shows an increment from 0.52% to 1.53%. If the TCG is not

operated properly it will cause the tidal water to flow back into

the upstream areas thus exposing to an increase floodplain area

ranging from 2.3% to 8.4%. The current flow profile of the Aur

and the drainage system network cannot cope with the increase

in runoff volume during heavy rainfall and it worsens if there is

no tidal control gate at the mouth of the river network, as shown

in Scenario 1 as compared to Scenarios 2 and 3.

Control structures such as tidal control gates are important

and are part of flood management to reduce the risk of flooding.

It shows a substantial reduction of up to 7% of the total flooded

area when built. However, if they are not well maintained and

operated, the flooding situation will worsen, especially under the

influence of high tide and backwater, as shown in Scenario 2. An

efficient operating system that allows effective control of the tide

gates can reduce the impact of flooding up to 3.6% of the flooded

area, especially during high tide, and minimise the impact of

backwater that causes flooding in the upstream area of the Aur

River, as shown in Scenario 3.
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This highlights the importance of the tidal control gates as an

option for flood protection. The presence of this flood control

structure reduces destructive impacts and drastically minimises

the floodplain, even if it is not operated efficiently as compared to

its absence. It serves as a basis for why a tidal control gate is

necessary in river networks to minimise the impact of flooding.

Even when a good drainage network is in place, the impact of

flooding is significantly reduced by a tidal control gate, especially

in the case of backwater, and in coastal areas. Further studies

should also be done on the reduction of damage value involved

with the construction of TCG and its value in saving lives and

property. Studies can also be done to other places that have

different tidal variations to see the seriousness of the tidal effects.

In summary, a fully functional tidal control gate significantly

reduces the floodplain, thereby reducing damage and loss of life

and property in the catchment area.
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Nomenclature

Abbreviations

DID Department of Irrigation and Drainage

SCADA Supervisory Control and Data Acquisition

XPSWMM Sanitary, Storm and Flood Modelling Software

LIDAR Light Detection and Ranging

DEM Digital elevation model

TCG Tidal control gate

MAE Mean absolute error

RPE Relative Peak Error

R2 Coefficient of determination

CE Nash-Sutcliffe coefficient of efficiency

RMSE Root mean square error

IDF Rainfall intensity-duration-frequency

ARI Average recurrence interval
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