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Tidal waves have very different dynamics in shallow waters, in comparison to deep sea waters. When a tidal wave approaches to nearshore areas, it might be affected by different factors such as resonance, shoaling in landward direction, funneling due to the decrease of the width, damping due to bottom friction, and partial reflection at abrupt changes of the cross-sections of estuary. Coriolis force can also deflect the tidal waves in large areas, which may lead to the changes of tidal ranges near the coasts. The high increase of tidal range at Musa Bay, located at the north-western part of the Persian Gulf, is studied in this paper. Numerical modeling confirms the occurrence of the resonance for a period of about 8-9 hr., where the amplification factor is gradually decreased with further increase of the wave period. Results implied that resonance, funneling and shoaling are the three most effective parameters which amplify the tide in this area. 
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INTRODUCTION
Tides are long waves, which can be categorized as shallow water waves even in deep oceans. When tidal waves transform to nearshore areas, tidal ranges are affected by shoaling due to the gradual decrease of water depth, by damping due to bottom friction, by reflection against boundaries, by deformation due to differences in propagation velocities at low and high water and by funneling due to the decrease of the channel cross-section in narrowing bays and estuaries (Van Rijn 2010). Tidal ranges are also affected by Coriolis forcing and oscillation due to the resonance phenomenon. A combination of all these factors results to complicated characteristics of tidal waves in shallow waters, in comparison with deeper seas. 
Karami Khaniki and Ziaeyan (2011) conducted a numerical investigation on tidal behavior of Mahshahr, located at the end of Musa Bay. They related the existing 1 to 3 hrs. time lag between tides at the entrance and the end of the bay to the mild bed slope. The gradual increase of tidal range in landward direction along the bay was also studied. Liang et al. (2014) applied a 2D hydrodynamic model to analyze the tidal behavior of Severn Estuary, which experiences the largest tidal ranges (~12 m) in the world. The water surface oscillations were excited by sinusoidal long waves of different wave periods at the open boundary in order to find the fundamental mode of oscillation. The response characteristics of Severn Estuary and Bristol Channel to regular long waves were also predicted in this study. It is found that the primary mode of resonance in the Severn Estuary occurs at the tidal period of around 8 hr. M2 tide was also observed as a relatively high amplification factor, although it does not exactly coincide with this resonant mode. 
The present research aims to study the propagation of tidal wave at Musa Bay in north-western part of the Persian Gulf, where the tide is significantly amplified along the bay. The most effective factors which affect the tidal wave along Musa Bay are defined through numerical modeling.  
STUDY AREA 
Musa Bay, located at the north-western part of the Persian Gulf, has important environmental and commercial qualities as a shipping route to Imam Khomeini (IK) Port, one of the most important commercial ports of Iran. Water depth in the bay is 6-40 m in most parts with maximum depths of about 75 m at some locations. The connection of the port to the Persian Gulf is through shallow Musa Bay, where the tidal range is important for safe navigation. The wide wet and dry areas around the bay increases the complex behavior of tides in this region (Fig. 1). Other smaller bays that are connected to Musa Bay, such as Ghanaghe, Doragh, Merimoos, and Mahshahr, are also effective on the tidal behavior and the required depth of IK Port for berthing vessels (Monshi Zadeh and Hejazi 2005). As north-western part of the Persian Gulf is highly affected by fine sediments entering to the area by large rivers (Haghshenas and Soltanpour 2011), a high problematic periodic dredging is necessary to maintain the navigation of large vessels to IK Port, both along the access channel and at port jetties. The dredging works may also affect the tidal range in the bay.   
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Figure 1. Location of Musa Bay and IK port (ESA 2017).
FIELD MEASUREMENTS
The tidal behavior in Musa Bay is more complicated than the Persian Gulf due to its particular geometry and the large number of small inlets, with a large wet and dry areas and different characteristics in high and low water depths. While the maximum tidal range at the entrance of Musa Bay is less than 3 m, it increases up to 4.5 m at Mahshahr, i.e. the highest tidal range along Iranian coastlines. Tidal currents at the site are also large, up to 0.8 m/s (Monshi Zadeh and Hejazi 2005). Table 1 shows a comparison of tidal properties between IK Port and the entrance of Musa Bay (NCC 2004).
	Table 1. Tidal properties at IK Port and entrance of Musa Bay. 

	Musa Bar
	IK Port
	Parameter

	+3.48
	+5.04
	MHHW (m)

	+2.34
	+3.17
	MSL (m)

	+0.70
	+1.29
	MLLW (m)


The existing one-year measured water levels at IK Port was analyzed by harmonic method (Foreman et al. 2009) in order to define the tide characteristics at the site. Fig. 2 shows the contribution of tidal harmonic constituents.  It is seen that 6 main constituents of M2, S2, O1, K1, K2, and N2 totally result in 64% of the observed tide and the contribution of shallow water constituents is about 16%. The tide form number shows a mixed tide at the port, i.e. two high and two low waters in a tidal day with comparatively little diurnal inequality.
NUMERICAL MODELING

MIKE21 software (DHI 2011) is used for two-dimensional hydrodynamic modeling of the Persian Gulf and Musa Bay (Fig. 3). The developed regional Persian Gulf model covers the entire gulf with an open boundary at the Strait of Hormuz. The input water level at open boundary was adopted from the outputs of TPXO8 global tide model (Egbert and Erofeeva 2002). A detailed local model was also set up in the northwestern part of the Persian Gulf from the entrance of Musa Bay to Mahshahr at the landward end of the basin (Fig. 3). Outputs of the water surface elevations of regional model were imposed at the open boundary of local model.   
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Figure 2. Tidal constituents at IK Port.
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Figure 3. Definitions of regional and local models.
Selecting a number of different values for the bed roughness and grid size, various modeling scenarios were simulated. The regional model was calibrated by water levels data at a large number of tide stations along the south and north coasts of the Persian Gulf.  Local model was also calibrated and verified against the measured data. Table 2 presents the final selected parameters of the final regional and local models.
	Table 2. Calibrated parameters for regional and local models.

	Numerical models
	Bed Resistance 
	Grid 
	Eddy viscosity

	
	Manning (m1/3/s)
	Location
	Grid Size (m2)
	Smagorinsky constant

	Regional model
	70
	Middle parts of the Persian Gulf
	67x106
	0.28

	
	
	Near the local model 
	5x106
	

	Local model
	80
	zone 1
	1.1x106
	0.28

	
	
	zone 2
	5x104
	

	
	
	zone 3 
	2.5x104
	


Fig. 4 presents the locations of tide gauges in front of Musa Bay (P.S Station) and at IK Port. 
Fig. 5 (right) shows the comparisons between the outputs of regional model of the Persian Gulf and water level measurements at P.S Station. It is observed that the accuracy of regional model is acceptable to define the tide in front of the bay, i.e. open boundary of local model.    
Using a flexible mesh, the local model was employed to simulate the tidal waves at Musa Bay, with an open boundary in front of the bay. Using the outputs of the regional model at the open boundary, Fig. 5 (left) shows the good agreement between the simulated water levels and measured data at IK Port. The small discrepancies are mostly related to the lack of precise bathymetry of Musa Bay. However, the accuracy of numerical modeling is reliable to study the tidal behavior of the bay. 
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Figure 4. Field measurement stations.
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Figure 5. Verification of local (left) and regional (right) models at the site.
GOVERNING FACTORS 
The calibrated 2-D local model is employed to study the significance of different factors that affect the tide characteristics at Musa Bay. Ignoring the bed friction in the local numerical model, one-month tide simulation shows an increase of about 115 cm in the tidal range at IK Port, in comparison to the corresponding range at the entrance of Musa Bay (Fig. 6). Numerical model can also be used to investigate the contribution of different factors in amplification of tidal range along the bay, i.e. Coriolis forcing, resonance, funneling, bed friction, and shoaling.
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Figure 6. Modeling of water levels at IK Port and Musa Bay.          
Coriolis Force
In order to check the probable effect of Coriolis force on tide amplification, the local model was run in two cases with and without the force. The results do not show any significant change of the tidal range due to the effect of Coriolis force, which was expected because of the small size of study area.
Resonance

Resonance might be responsible for the significant tide amplification at IK Port. The fundamental mode of oscillation at a semi-enclosed basin is calculated by
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where L and h are the length and depth of the basin, respectively, and g is the gravitational acceleration. Three possible zones of wave propagation can be considered at the bay (see Fig. 7):

1. First part of Musa Bay with a length of about 40 km

2. Second part of the bay with a length of about 33 km 

3. Total length of the bay with a length of about 73 km

Table 3 shows two distinguished natural periods of about 3.5 hr. and 7 hr. at the site.
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Figure 7. Zones of tidal wave propagation at Musa Bay.
	Table 3.   Fundamental mode of tide oscillation at Musa Bay.

	 Location
	Description
	L (km)
	h (m)
	T (hr.)

	a
	Zone 1
	First part of Musa Bay
	40
	13.4
	3.87

	b
	Zone 2
	Second part of Musa Bay
	33
	10.6
	3.6

	c
	Zone 3
	Total bay length
	73
	12.5
	7.32


Numerical model can also be used to demonstrate the resonance phenomenon and to find the fundamental mode of oscillation at Musa Bay. Twelve numerical stations were considered to monitor the changes of water surface elevations along the bay (Fig. 8). Sinusoidal long waves with a constant height of 1 m and different wave periods were applied at open boundary of local model to find the fundamental mode of water oscillation at the bay (Liang et al. 2014). Fig. 9 shows the transformed waves at station 12 (IK Port), for different wave periods. It is observed that maximum amplification at the ort occurs for a wave period of about 8 hr.
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Figure 8. Imaginary monitoring stations.
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Figure 9. Simulated water levels at IK Port for different imposed sinusoidal waves.
Fig. 10 presents the normalized height of tidal waves at numerical stations, the ratio of transformed wave height to the wave height at open boundary (d/d0), for different wave periods. Considering the peaks in the figure, it can be observed that for stations 1 to 6, the first and second modes of resonances occur at T=2-3 hr. and T= 8-9 hr., respectively. However, there is only one mode of resonance for stations 7 to 12 at T=8-9 hr. It is also observed that the amplification factor gradually decreases with the further increase of the period of input tidal wave.
Funneling

A significant width reduction in a relatively short length can result in a major change of tidal range in tidal basins. Fig. 11 shows that the cross-section width of Musa Bay is gradually decreasing from 34 km to 3 km along the bay. It is not possible to utilize the numerical model for investigating the discrete effect of funneling on the tidal range because the resonance and funneling cannot be simulated separately. If a constant water depth of 12.5 m (with no bed friction) is assumed in the numerical model to ignore the shoaling and damping effects, the simulated results show the increase of tidal ranges along the bay, from station 1 to station 8 (Fig. 12). Maximum simulated amplification at Station 8 is reasonable due to the minimum width of the bay near this location. After this station, the simulated tidal range is increasing again at next stations (9 to 12) up to about 4.5 m at IK Port (Table 4).
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Figure 10. Amplification factor at numerical stations for different input wave periods. 
[image: image19.png]©2016 Google.
Image Landsat / Copernicus
DataSI0, NOAA, U'S Navy, NGA, GEBCO)





Figure 11. Landward reduction of cross section width along Musa Bay.
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Figure 12. Funneling effect on the amplification of tidal range.
	Table 4. Tidal ranges at 12 numerical stations due to funneling.

	Station No.
	Min. Water Elevation (m)
	Max. Water Elevation (m)
	Tidal Range (m)

	1
	-1.71
	1.67
	3.38

	2
	-1.77
	1.78
	3.55

	3
	-1.81
	1.9
	3.71

	4
	-1.86
	2.00
	3.86

	5
	-1.94
	2.08
	4.02

	6
	-2.02
	2.11
	4.13

	7
	-2.23
	2.13
	4.36

	8
	-2.36
	2.13
	4.49

	9
	-1.78
	2.02
	3.80

	10
	-1.8
	2.18
	3.98

	11
	-1.87
	2.42
	4.29

	12
	-1.96
	2.56
	4.52


Bed Friction

Water level simulations with and without the bed friction reveals the reduction of tidal wave heights due to bed resistance (Fig. 13). It is observed that bed friction is responsible for up to 10% decrease of tidal range at IK port (Station 12).
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Figure 13. Effect of bed friction.
Shoaling

Tidal wave in Musa Bay is changing due to the various effects of funneling, resonance, bed friction and shoaling. Considering previous sections about the contributions of funneling, resonance, bed friction, on the total 115 cm increase of tidal range at IK port, it can be calculated that about 27% of the observed change is related to the decrease of water depth, i.e. shoaling effect. 

DISCUSSION AND CONCLUSION

The changes of major tide constituents along the bay can also be investigated by the numerical model.   Using harmonic (IOS) method, tide measurements were employed to extract the shallow water, semidiurnal and diurnal tidal constituents. Fig. 14 displays the normalized height of the major tide constituents (d/d0) at 12 numerical stations. Larger amplification of shallow water constituents, in comparison with diurnal and semi-diurnal constituents, can be observed. The fluctuations of the amplitudes of shallow water constituents can be attributed to high sensitivity of these constituents to the changes of water depths along the bay. 
The analysis of complex behavior of tide at Musa Bay was presented in this study. Numerical modeling showed that three local effects of resonance, funneling and shoaling, amplify the tidal wave in Musa Bay but funneling stands much higher than the other two governing factors. Bed resistance, on the other hand, results in a small reduction of the tidal wave height in the bay, up to 10%.
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Figure 14. Amplification factor for different constituents at numerical stations.
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