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Abstract 
The Arvand River forms the border between Iran and Iraq and is the only permanent river 

discharging into the Persian Gulf (PG). It is a tidal river adversely affected by sedimentation, 

which is more likely resulted from tidal asymmetry. The tidal barrier (TB) has remarkable 

effects on the tidal regime of the river. To assess the effects of a tidal barrier on the asymmetry 

of the tidal waves, it is critical to study the two main factors of closure percentage (CP) and 

closure duration (CD). This manuscript aims to investigate the tidal barrier effect on the 

asymmetry of the tidal waves propagating through the estuary. To evaluate tidal asymmetry, a 

Tidal Asymmetry Index (TAI) is introduced based on the relative phase angle of the M2 and M4 

components through the river. A two-dimensional Delft3D hydrodynamic model is utilized. The 

tidal wave is flood dominant, and its relative phase angle increased slightly, from 90 to 135 

degrees in Km 40 and then decreased to just under 90 degrees near the Abadan (65 km) and 

constant along the Abadan to Khorramshahr. The tidal barrier has changed the tidal regime in the 

river which leads to relatively constant tidal asymmetry during the 45km upward. To reach the 

highest TAI in the Arvand estuary, a closure percentage and duration of 55% and 180 minutes 

are estimated. The tidal barrier operation also adversely affects the amplitude of the M2 and M4 

components. M4 component amplitude increases before reaching the TB and then decreases. The 

decrease is more elaborated from kilometer 45 onward. Increasing the closure percentage 

amplifies the changes described above, but it has little effect on the general trends. 
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1. Introduction  
Estuaries are economically and environmentally important due to factors such as shipping, 

tourism, ecology, and commercial fisheries [1]. Sediment transport plays a critical role in the 

dynamics of these systems [2, 3]. The amount of transported sediments depend on parameters 

such as flow regime, current speed and sediment texture [4, 5]. In the tidal zones, several 

processes that take place within a tidal cycle play an essential role in sediment transport [6-8]. 

Tidal asymmetry is one of the most effective phenomena in sediment transport over each tidal 

cycle [9-11], which affects the long-term erosion, transportation and sedimentation and 

associated large-scale morphological changes in the tidal estuaries [12-14]. This paper focuses 

on reducing tidal asymmetry using tidal barriers as an engineering solution to mitigate 

sedimentation in the Arvand Estuary. 

Tidal asymmetry, as an essential phenomenon is caused by the distortion of the tidal wave [9-

11, 15] due to channel friction, intertidal areas and marshes [10, 16] during propagating from the 

open sea into the tidal zone. The friction of the channel with more effect during the low water 

and friction of the intertidal zone and marshes during high-water slows down the water 

propagation. 

Understanding the tidal asymmetrical behavior and variability [9, 10, 17] and the consequent 

effects on residual sediment transport and morphodynamics [18-20] are helpful in coastal area 

management [21-23]. The difference between durations of rising and falling phases due to tidal 

asymmetry leads to an offset between the velocities of flood and ebb tides. The higher flood 

velocity, transports a larger amount of sediment from the sea to the estuary compared to the 

sediment export from the estuary to the sea, while the ebb dominant condition flushes more 

sediment out through the estuary [24, 25].  

A tidal barrier (TB) is a control gate that alters the tidal asymmetry [26-28]. The TB could be 

applied to completely block the river cross section, for a period of time around low water to 

accelerate the consolidation and sedimentation that cause to decrease the tidal volume. On the 

other hand, the TB structure could constrict the cross-section to reach a more symmetric 

tide[28]. In the flood-dominated fluvial estuaries, which are affected by a more significant 

amount of upstream sediment transport from the river due to higher flood flow than the ebb 

flow, the TB operation would reduce the upstream sediment transport, but the ebb current and 

downstream sediment would not be altered [29-32]. Hence, TB can be helpful in sediment 

transport management. 

Extensive studies have been conducted on tidal asymmetry and its effect on sediment 

transport [30, 33]. In addition, the construction of TB has been considered an effective solution 

to reach more symmetric tide[33]. Arvand estuary, as one of the most important estuaries in Iran 

is facing problems such as erosion at the mouth of the estuary and sedimentation in the river bed. 

So far, the effects of tidal asymmetry in the sediment transport regime have not been 

investigated in this estuary. Hence, this research aims to assess the tidal asymmetry and the 

effect of its control by applying TB. In addition, the presented relations to evaluate the 

asymmetry are applicable in one cross-section. However, it is important to maintain tidal 

symmetric along the river. In this study, a new index is presented to evaluate the preservation of 

symmetry along the river to assess different scenarios. 
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2. Study area  
The Arvand estuary is located in the southwest of Iran. This fluvial estuary receives flow and 

sediment from the Arvand River. Arvand River -also known as Shatt-al-Arab [34]- is one of the 

longest tidal rivers in the border of Iran-Iraq which is formed by the conjunction of the Tigris 

and Euphrates rivers in Iraq and Karun River in Iran (Figure 1-b) [35]. Three major cities, such 

as Abadan, Khoramshahr and Basra, are located around it (Figure 1-b), with the river running 

mainly towards the south to reach the Persian Gulf [36]. Before discharging into the Persian Gulf 

(Figure 1-c), the river varies from 270–2500 m in width and 9–15 m in depth, which implies that 

it is navigable. It supports marine habitats along the northwest coast of the Persian Gulf and in 

the Mesopotamian marshes [37]. 

The hydrodynamic of the estuary is affected by upstream discharge and downstream tides. 

The tide in the estuary is classified as semi-diurnal, with an average rise of 2.6 m at the mouth of 

the river near the Persian Gulf [34]. The tide affects the upstream river by an average of 1.4 m at 

Abadan city (about 74 km from the river mouth) and continues upstream [38, 39].  

In recent decades, considerable dam construction, climate changes and reduction in rainfall 

amounts have reduced the riverine discharge, which resulted in the domination of tidal currents. 

Consequently, this river is adversely affected by the following effects: 

• Increasing the salinity intrusion length [40, 41] 

• Increasing the rate of sea sediments intrusion [42] 

• Changes in tidal asymmetry in the river [42, 43] 

• Tidal forcing leading to erosion of the river mouth [42], intensified by the above factors 

within a period of time. 

The consequence of the above-mentioned items could be seen in the long-term changes in 

Arvand estuary. The results of tracking the changes of water body boundaries by satellite images 

were extracted from Global Surface Water Explorer (GSWE) datasets (https://global-surface-

water.appspot.com/) [44]. GSWE uses the entire archive of the Landsat 5 TM (Thematic 

Mapper ), the Landsat 7 ETM+ (Enhanced Thematic Mapper Plus), and the Landsat 8 OLI 

(Operational Land Imager) orthorectified, TOA (Top of Atmosphere) reflectance, and brightness 

temperature images acquired from March 16, 1984, until now [45]. In Figure 1-b, the green area 

used to be dry land, which has been gradually affected by tidal currents and changed from dry 

land to a tidal zone. However, the orange-colored area changed from an intertidal to an 

inundated region in recent years. In general, the river mouth is changing and deviating landward 

due to the erosion by the tidal currents, affecting tidal regime and asymmetry. On the other hand, 

the sea level rise can also lead to the aggravation of tidal asymmetry [46]. Resulting tidal 

asymmetry intensify the erosion process.  
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Figure 1- (a) Arvand estuary location in the Soutwest of Iran. (b) Long-term changes of Arvand 

estuary entrance adopted from Global Surface Water Explorer (GSWE), blue area: permanent 

water-covered area, sky blue: tidal zone, green: dry land converted to intertidal area, pink: 

intertidal area converted to dry lands, orange: intertidal area converted to permanent water 

covered, yellow: permanent water covered area converted to tidal zone, gray: area without data (c) 

PG bathymetry (GEBCO and Admiralty Charts), observational station, location of the PG model 

open boundary. (d) Delft3D curvilinear mesh of Arvand estuary model, observational stations along 

the estuary. 

 

3. Methodology 
To evaluate TB effects on tidal wave propagation, a 2D numerical model is developed and 

calibrated for upstream discharge and downstream tidal oscillations, disregarding the TB. 

Downstream tidal oscillations are extracted from a regional PG model. Afterward, different TB 

operation is assessed using parameters such as closure duration and closure percentage. Finally, 

to evaluate the functionality of TB, the symmetric condition is investigated. 

 

3.1. Numerical modelling 
The Delft3D model, developed by Delft Hydraulics (www.wldelft.nl) was operated to 

simulate the hydrodynamics of the study area. It is an integrated modeling suite that solves 

shallow water equations to simulate two-dimensional (in either the horizontal or a vertical plane) 

and three-dimensional flow, sediment transport and morphology, waves, water quality and 

ecology and is capable of handling the interactions between these processes 

(https://www.deltares.nl/en/software/delft3d-4-suite/). The Delft3D 2-DH model which utilizes 

shallow water equations were used. For the sake of conciseness, the demonstrations of the 

https://www.deltares.nl/en/software/delft3d-4-suite/
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equations are omitted. For a detailed description of the hydrodynamics and numerical scheme of 

Delft3D, see Lesser et al.[47] and Van der Wegen and Roelvink [48]. 

The regional PG model was limited to the Strait of Hormuz downstream and Arvand Estuary 

upstream. The surface elevation at the open boundary of the PG model at the Strait of Hormuz 

was predicted based on tidal constituents from Alosairi & Pokavanich, 2017.  The curvilinear 

grid approach was incorporated to create a grid while allowing for relatively coarser grids in 

lower interest areas. The PG model contains 543000 elements with varying grid sizes from 1000 

m in the deep area to 500 m in mid- depth and 200 m in the shallow water. The local model 

resolves the hydrodynamic from the seaward end of the Arvand estuary up to the Khorramshahr 

Port at approximately 80km distance from the PG.  

The downstream boundary condition is extracted from regional model water level 

oscillations, and the upstream boundary condition was defined as river discharge at 

Khorramshahr boundary. The curvilinear mesh with 18000 elements captures the river section 

by dividing it into 20 segments with a length of about 100 to 150m (Figure 1-d). 

Bathymetry data resources include the General Bathymetry Chart of the Oceans (GEBCO) on 

the 15 arc-second interval gridded data [49], Admiralty chart 2888 of the Strait of Hormuz and 

3842, 3843, 3844 and 1235 for the Arvand river. 

 

3.2. Tidal Barrier Operation Mode variants 
The basic principle of the TB operation is to impede the flood wave to slow it down. This 

stretches out the time between high and low water levels, decreasing tidal asymmetry. The 

operation of TB, which is applied downstream of the Faw station location (Figure 1-d), starts at 

low water by reducing the river open section area by a certain percentage. The closure 

percentage varied between 15% and 85%. The closure percentage is defined for this context 

Equation 1 in which 𝐷𝑜𝑝𝑒𝑛 is the existing water depth, and 𝐷𝑐𝑙𝑜𝑠𝑒𝑑 is the barrier opening height 

when the section is closed. 

 

𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  (1 −
𝐷𝑐𝑙𝑜𝑠𝑒𝑑

𝐷𝑜𝑝𝑒𝑛
) × 100% (1) 

 

The closure duration is the other effective parameter, which refers to the time the TB is 

closed. After the closure duration has passed, the barrier will be opened again. The duration of 

the closure varies between 180 to 360 minutes. To determine the effects of closure duration, 

closure percentage, and discharge values on the TB operation, several simulations were 

conducted as below: 

- To investigate different closure percentages (18%, 27%, 36%, 45%, 55%, 64%, 72%, 

82%) effects, a constant discharge of 200 m3/s as an annual average discharge of the 

river [50] and a closure duration of 5 hours, 

- to investigate different closure duration (3, 4, 5 and 6 hours) effects, a constant 

discharge of 200 m3/s and a closure percentage of 45%, and 

- to investigate different discharge (200, 400 and 600 m3/s) effects, a constant closure 

percentage of 45% and a closure duration of 5 hours are applied. 
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3.3. Evaluation criteria 

3.3.1. Model results evaluation 
To evaluate/validate how much the numerical model results are consistent with the 

observation data, the Kling-Gupta Efficiency (KGE) test is used here. The KGE equation (2) is 

revised and enriched form of Nash-Sutcliffe Efficiency (NSE) [51]. It is a valuable tool for the 

similarity assessment of the simulation and observational data. KGE varies between -∞ to 1. 

When KGE is equal to 1, it indicates perfect simulation. As suggested by [52], the acceptable 

amount of this parameter was considered to be more than 0.6. 

In equation (3), ED is the Euclidean distance between estimated and observed data. It is 

defined as a function of correlation (r), the ratio of the variance of the forecast to the variance of 

observation (α), and the ratio bias (β). 

𝐾𝐺𝐸 = 1 − 𝐸𝐷 
𝐸𝐷 = √(𝑟 − 1)2 − (𝛼 − 1)2 − (𝛽 − 1)2 

(2) 
 

(3) 
Furthermore, the Route Mean Square Error (RMSE) and correlation coefficients (CC) are 

calculated separately based on equations (4) and (5), where x, y and n denote the model variables 

such as water level and current speed in our case, observation variables, and the number of 

samples, respectively. 
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(5) 

 

3.3.2. Tidal asymmetry evaluation 
Tidal asymmetry is characterized based on the harmonic method. In this regard, amplitudes 

and phases of tidal constituents as tidal harmonics are resolved from simulated tidal data. Two or 

more tidal constituents with the frequency of ω which satisfies the relations 2ω1 = ω2, 3ω1 = ω2, 

and ω1 + ω2 = ω3 [53, 54] could interact and generate tidal asymmetry.  Tidal asymmetry is 

quantified by two indicators included the amplitude ratios and the relative phase angle (2θ1‐θ2, 

3θ1‐θ2, and θ1 + θ2‐θ3) [10, 54], where, θ is the phase angle. These interactions are described 

in different references [55-57]. The distortion of the semi-diurnal tide can be represented as the 

non-linear growth of harmonic constituents with periods that are a fraction of the principal M2 

tidal component. Since the M4 tidal component is the most important distorting tidal constituent, 

M2-M4 interactions have been widely recognized as the dominant tidal asymmetry components 

[10, 58]. 

In order to investigate the tidal asymmetry along the estuary, the new Tidal Asymmetry Index 

(𝑇𝐴𝐼𝑅𝑖𝑣𝑒𝑟) is employed based on the relative phase between the M4 and M2 (Equation 6) and 

defined as Equation 7. This index indicates the bias of all sections along the river from the 

symmetric condition and varies between 0 to 1. The Closure 𝑇𝐴𝐼𝑅𝑖𝑣𝑒𝑟 to 0, the higher symmetric 

condition is.  
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𝑇𝐴 = 2𝜑𝑀2 − 𝜑𝑀4 

 
(6) 

𝑇𝐴𝐼𝑅𝑖𝑣𝑒𝑟 =
1

𝐿
∫ |

𝑇𝐴𝐼 − 180

180
|  𝑑𝑙

𝑙:𝑅𝑖𝑣𝑒𝑟 𝑃𝑎𝑡ℎ

 

 

(7) 

4. Results and Discussion 
The results are provided in two sections of numerical model calibration and validation of 

current condition and the results of applying different TB scenarios. 

 

4.1. Numerical Model Calibration and validation 
The calibration and validation of the hydrodynamic model were performed using data from 

the north of the Persian Gulf for the regional model and two stations along the river for the local 

model (Figure 1-c,d). The details of observational data incorporated for calibration and 

validation are shown in Table 1. 

 
Table 1. Overview of the observational data for the model calibration and validation. 

 Station name  Variable Start Time End Time 

Regional 

model 

PG_St1 Water Level 2017/08/09,00:00 2017/08/21,00:00 

PG_St2 Current speed 2017/08/03,00:00 2017/08/08,00:00 

PG_St3 Water Level 2019/06/03,00:00 2019/06/15,00:00 

PG_St3 Water Level 2000/09/23,00:00 2000/10/02,00:00 

Local 

model 

Abadan 
Water Level/ 

Current speed 
2015/10/16, 06:00 2015/10/16, 18:00 

Faw 
Water Level/ 

Current speed 
2015/10/16, 06:00 2015/10/16, 18:00 

 

The regional model was calibrated against the bed roughness. After applying different 

constant roughness values and varying roughness values as a function of water depth, the best 

results were obtained for varying bed roughness coefficients in the range of 0.012-0.019 s/m1/3. 

However, a constant bed roughness value of 0.015 s/m1/3 is determined for the local model. 
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Figure 2. Varying bed roughness in PG model 

 

The tidal wave propagates from the Strait of Hormuz and northwestward into the PG as a 

progressive wave. The model results show the semidiurnal tidal regime in the Arvand estuary. 

Comparisons between model results against the observational data in the regional and local 

models are shown in Figure 3 and Figure 4, respectively. Water level and current speed are in 

agreement with the selected gauge data. Table 2 lists the statistical parameters of the stations in 

the regional and local models. The CC values are more than 0.75, and KGE values are more than 

0.73, therefore both regional and local models are suitably simulated  

  

  
Figure 3. Regional model calibration and validation 
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Figure 4. Local model calibration and validation 

 
Table 2. Statistical parameters for the model calibration and validation. 

 Station 
Evaluated 

Variable 
CC RMSE KGE 

Regional 

Model 

PG_St3_2000 Water Level 0.89 0.35 m 0.89 

PG_St3 Water Level 0.96 0.25 m 0.90 

PG_St1 Water Level 0.97 0.19 m 0.93 

PG_St2 Current speed 0.75 0.10 m/s 0.73 

Local 

Model 

Abadan Water Level 0.96 0.19 m 0.95 

Abadan Current speed 0.79 0.29 m/s 0.77 

Faw Water Level 0.92 0.67 m 0.91 

Faw Current speed 0.96 0.20 m/s 0.84 

 

4.2. Tidal Barrier Simulation results and discussions 
Tidal wave propagation along the Arvand estuary (from the northern part of PG to the 

upstream of Khorramshahr) has been assessed. In order to investigate the blockage range effects 

on TB operation, several closure percentages were modeled. A constant discharge of 200 m3/s as 

an annual average river discharge [50] and a closure duration of 5 hours is applied. 
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Figure 5. Tidal asymmetry along the river for different closure percentages (constant 

discharge:200m3/s, closure duration: 5 hours) 

 

In Figure 5 the bold red line represents the symmetric condition and border between ebb and 

flood dominant conditions based on the relative phase angle (2M2-M4), and the black line 

indicates the current condition asymmetry. The tidal wave is flood dominant, and its relative 

phase angle increased slightly, from 90 to 135 degrees in Km 40 and then decreased to just under 

90 degrees near the Abadan (65 km) and constant along the Abadan to Khorramshahr. The 

results demonstrated reasonable correspondences with the asymmetry analysis by Lafta [59] 

regarding the flood dominant tidal regime and relative phase angle amounts near the estuary 

mouth. 

The colored lines demonstrate the tidal asymmetry along the estuary by applying tidal 

barriers with different closure percentages (CP). Using the TB downstream of Faw station varied 

the asymmetry along the estuary and different behaviors were observed. For CP of 18% to 45%, 

the tidal wave pattern remains flood dominant along the estuary and follows a fairly similar 

pattern to the black line, particularly after Km 45, while CP of 55% and 64% experienced a 

mixed flood and ebb dominant tidal waves. In contrast, in CP above 72% the tidal wave patterns 

were ebb dominant. The results show the closure percentage of 55% met the most symmetric 

condition along the estuary to about 50 km from the PG.   
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Figure 6. Tidal asymmetry along the river for different discharge values (closure percentage: 45%, 

closure duration: 6 hours) 

 

In order to investigate different discharge effects on tidal asymmetry, TB with 45% CP and 5 

hours CD with various discharges were simulated. Generally, changes in discharge values have 

no significant impact on tidal asymmetry. Increasing the flow rate values tends to make the 

observed pattern more like without a barrier condition. This behavior is more tangible in the 

middle of the estuary at Km of 45 to 65; however, less noticeable at the beginning and end of the 

estuary.   

Hydrodynamic models with different TB closure duration and constant discharge of 200m3/s, 

and closure percentages of 45% were assessed. The influence of closure duration is illustrated in 

Figure 7. The effect of the closure duration is not as effective as it was for the closure percentage 

along the river. There is a clear difference between different CDs in tidal asymmetry in the first 

25 km off the entrance of the estuary. Additionally, various CD followed a similar decreasing 

trend after km of 25 with approximately equal asymmetry values. However, for CD shorter than 

3 hours, the impact shows up to be minimal (negligible). 

 
Figure 7. Tidal asymmetry along the river for different closure durations (closure percentage: 45%, 

discharge:200m3/s) 
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Figure 8 demonstrates the effects of TB variations on tidal wave propagation process along 

the channel. Accordance reasonable correspondences with the Lafta [59] results in the Arvand 

estuary, in the current study the M4/M2 amplitude ratio is greater than 0.01, which shows the 

significant tidal distortion [60] in the tidal system. The amplitude of M2 component decreases 

upstream of the TB whereas this component has little changes before the TB. M4 component 

amplitude increases before reaching the TB and then falls. The decrease is more elaborated from 

kilometer 45 onward. Increasing the closure percentage amplifies the changes described above, 

but it has little effect on the general trends.  

 
Figure 8. Variation of M2 and M4 tidal amplitude along the river by TB implementation  

 

It is essential to maintain the continuity of symmetrical conditions along the river. The 

introduced TAI creates the opportunity to estimate continuity. It is calculated for different 

closure percentages and closure durations. Figure 9 shows TAI and M2 tidal amplitude 

immediately after TB (𝜁) variation against different TB scenarios. In this figure, the circles' 

diameter represents the closure percentage magnitude, and various colors show the different 

closure durations. Implementing TB shows a decreasing rate of TAI before reaching the point 

where M2 tidal amplitude is about 0.7 and then increases.  

According to the trend of TAI, it can be seen that for different CPs, when the CD is 3 hours, 𝜁 

has decreased to 0.5m. While, with the increase in CD, the decrease in 𝜁 became more intense 

and reached less than 0.3 m in the condition of 6-hour blockage. The minimum value of TAI, 

which is equivalent to more symmetrical conditions, for 4 hours CD, is 0.12 for 𝜁 = 0.72𝑚. 

When CD increased to 5 hours, the best symmetry occurred for 𝜁 = 0.63𝑚 and TAI =0.05. After 

extending the CD to 6 hours, 𝜁 increased to 0.69m and TAI to 0.1. To sum up, the 55% CP and 

3hours CD with the minimum TAI has the most continuity of symmetry condition along the 

river. 
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Figure 9. Tidal Asymmetry Index (TAI) for different tidal amplitude 

 

5. Conclusion 
Considering the importance of sediment transport in estuaries, in this research, tidal 

asymmetry as an effective component on the amount of sediment transport was investigated. The 

tidal asymmetry can be controlled using tidal barriers (TB) at the entrance of estuaries. In the 

current research, the tidal barrier effect on tidal symmetry was investigated in Arvand Estuary, 

which is located southwest of Iran and North of the Persian Gulf. In this regard, Closure duration 

(CD), Closure Percentage (CP) and river discharge were analyzed as variables affecting TB 

performance. Therefore, TBs with different CD, CP and riverine discharges were applied on a 

calibrated hydrodynamic model in the estuary. According to the results, a number of conclusions 

are summarized below: 

The current condition is flood dominant, which is impressive with TB. Changes in the river 

discharge has a negligible effect on the barrier operation in the case study. Applying different 

closure duration has a binary impact on the TB operation in a way that its effects on the tidal 

asymmetry are inconsequential in the short duration (less than 3 hours). Additionally, increasing 

the closure duration to more than 3 hours has no significant difference on tidal asymmetry 

pattern. In contrast, various CPs have a significant effect on the tidal asymmetry patterns. For a 

constant river discharge and CD, increasing the CP from 18% to 82% leads to changes in the 

tidal asymmetry pattern from flood dominant to symmetric condition (in 55%) and then ebb 

dominant above 68%.  

In addition, to examine the effect of TB on the relative phase angle, their effect on the 

amplitude of tidal components, which affects tidal asymmetry, was evaluated. Applying the TB 

decreases the amplitude of the M2 and M4 components landward. Also, it has an increased effect 

on the M4 seaward.   

TAI was introduced in this paper as an index that measures the amount of continuity of 

symmetry along the estuary. In this work, the required length of the stretch of the estuary with a 

symmetric tide was not determined, so this index was evaluated for the whole length. According 

to the TAI results, the scenario with 55% CP and 3 hours CD is the one which provides the most 

symmetric stretch in the estuary. Real projects could apply this index to the required length. 
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