12

COASTAL ENGINEERING 2016
11

COASTAL ENGINEERING 2016

INTER-COMPARISON OF RECENT TIDE MODELS FOR THE
PERSIAN GULF AND OMAN SEA
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, Kourosh Hejazi1, Mohsen Soltanpour1 and Mohammadreza Allahyar

Using several series of field measurements data along Iranian coastline of the Persian Gulf and Gulf of Oman, eight different tide models have been evaluated in this study. By comparing the results in the frequency domain, it was found that the model discrepancies arise in shallow waters, having maximum error in the shallowest part of the Persian Gulf, where Pohl station is located. On the other hand, maximum error of tide models is limited to 10 cm in deeper part of the Persian Gulf, indicating that different tide models result in close outcome in deeper waters.  Considering the results in the time domain, it was found that FES model, which includes more shallow water constituents, results in better tidal level predictions. FES also presents the best tidal current predictions in the area of the interest of this study.  
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INTRODUCTION

The launch of satellites has been the main reason of the recent improvements of tide models, among which is the TOPEX-POSEIDON mission which led into developing 12 new models during 1994 (Anderson et al. 1995). The rising number of tide models encouraged researchers to investigate the performance of the models and to evaluate the discrepancies between the tide models and the observations. Shum et al. (1997) conducted an assessment study for ten tide models and compared the results with the field measurements for deep and shallow zones. Comparing their results with the newest study on tide models (Stammer et al. 2014), reveals significant improvement for deep oceans, however, in shallow waters, tide models still exhibit errors exceeding tens of centimeters. Persian Gulf may be considered a vast shelf for which the maximum depth is limited to 90 meters whereas its overall average depth is about 30 meters. Ray et al. (2011) have pointed out that nonlinearity is the major factor responsible for the complexity of tide predictions in coastal zones. This study aims to evaluate the suitability of the existing tide models for the Persian Gulf and Oman Sea.

Tide models can be categorized into hydrodynamic models (e.g. HYCOM, Arbic et al. 2010; STORMTIDE, Muller et al. 2012), assimilated models (e.g. TPXO, Egbert and Erofeeva 2002; FES, Lyard et al. 2006), and empirical models (e.g. EOT, Savcenko and Bosch 2012; OSU, Fok 2012). 

Fok (2012) described the above categories as follows:

1. Hydrodynamic models are derived by solving the Laplace tidal equations numerically, using bathymetry data as input, and ocean tidal constants observed by tide gauges around the world as the boundary conditions.

2. Assimilation models are derived either by assimilating altimeter data only, or in combination with tide-gauge data, into a hydrodynamic model.

3. Empirical models are derived from altimeter data only using (a) response analysis (Munk and Cartwright 1966), (b) harmonic analysis, or (c) Proudman functions (Sanchez and Pavlis 1995). The empirical models may be subdivided into (i) semi-empirical and (ii) purely empirical. The semi-empirical models use a-priori tidal constants from a background ocean tide model, such as the FES model, for residual tidal analysis.

As several studies have revealed, the accuracy of recent tide models are improved significantly, especially in deep oceans, therefore, they agree much better with each other in such zones (Stammer et al. 2014; Saraceno et al. 2010; Ray et al. 2011; Fok 2012). This is due to the presence of altimeter data in deeper part of the ocean, while before launching satellites, tide gauges were not able to be installed and record tidal elevation there. 


Transforming to coastal areas, tidal waves become shorter and higher, due to the processes like shoaling. So complexity of tidal waves is expected in continental shelves, where the water depth is relatively low and shallow water depths are dominant. Ray et al. (2011) indicated nonlinearity and temporal variability as effective factors that make the tidal predictions to be complicated in shallow waters. Saraceno et al. (2010) concluded that the accuracy of tide models in marginal seas is lower than deep ocean waters. There are also several different studies that indicate the complexity of tidal prediction in shallow ocean waters. This study aims to compare different approaches of tidal modeling in the Persian Gulf and Oman Sea.

STUDY AREA AND FIELD MEASUREMENTS

The Persian Gulf is a unique marginal sea with a maximum depth of 90 m and an average depth of 30 m. Fig. 1 shows that the Iranian coasts of Oman Sea, which is located on northern part of the Arabian Sea, can also be categorized as continental shelves. Because of the nonlinear nature of shelves, complicated tidal waves propagation is expected in this kind of area that highlights the importance of investigating the tidal behavior by different tide models.
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Figure 1. Bathymetry of the northern part of the Arabian Sea, the Persian Gulf and Oman Sea


Starting from 2005, the Iranian Ports and Maritime Organization (PMO) launched a series of “Monitoring and Modeling Studies” projects along Iranian Coastlines (PMO 2015). The phases 2, 3 and 4 of this undergoing project were conducted along the north coastline of the Persian Gulf and Strait of Hormuz. As a major part of the studies of each phase, comprehensive field measurements including continuous data of water levels and currents at different locations were recorded. Measurements utilized tide gauges at 4 to 7 meters below mean water level, and Nortek AWAC ADCPs (acoustic Doppler current profiler) located at 20 to 25 below mean water level.


A number of 20 stations along Iranian coastlines, which have a continuous recorded data of at least six months, are chosen (Fig. 2). These include 13 TGs (in brown) and 7 ADCPs (in white). Four stations, outside the Persian Gulf, help to understand the differences between the semi-closed shelf and the deeper seas, and may also be useful for the determination of open boundary locations for regional hydrodynamic models.

Only ADCPs are able to record ocean currents. Therefore, for comparing the tide models with respect to their ability in predicting tidal currents, some other ADCP stations are added (Fig. 3) which have less continuously measured data.  
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Figure 2. Twenty measurement stations along Iranian coastlines which include at least six months of recorded measurement data
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Figure 3. Ten ADCP stations along Iranian coastlines for comparing tidal currents of different tide models
METHODOLOGY

Recent tide models, addressed by Stammer et al. (2014), are considered herein with the exception of the purely hydrodynamic models. The reason for this exclusion lies in the fact that, because of the dependency of the hydrodynamic modeling on quality of input data without considering any data constraint, the accuracy of the ocean tide models computed from empirical and assimilated approaches is, in general, higher than that of the hydrodynamic modeling approach (Fok 2012; Stammer et al. 2014). So this study comprises latest versions of tide models of categories 2 and 3, as listed in Table 1. Some other models such as NAO.99b (Matsumoto et al. 2000) are also available, but due to their limited data with low resolution, were omitted from this assessment. The constituents which are included in each tide model are tabulated in Table 2. Table 3 presents details of each tide model. 

	Table 1. Ocean tide models which are included in the current study

	Author(s)
	Number of involved tidal constituents
	Resolution
	Type
	Model

	Ray (1999, updated)
	10
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	Semi-Empirical
	GOT4.8

	Fok (2012)
	10
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	Empirical
	OSU12

	Cheng and Andersen (2011)
	10
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	Semi-Empirical
	DTU10

	Savcenko and Bosch (2012)
	13
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	Semi-Empirical
	EOT11a

	Taguchi et al. (2014)
	9
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	Assimilation
	HAMTIDE11 & 12

	Lyard et al.(2006, updated)
	32
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	Assimilation
	FES12 

	Lyard et al. & Carrere et al.  (2016)
	32
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	Assimilation
	FES14 

	Egbert and Erofeeva (2002, updated)
	13
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	Assimilation
	TPXO8

	Egbert and Erofeeva (2010)
	8
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	Assimilation
	TPXO-PERS 
(Persian Gulf)


Traditionally constituents extracted from different tide models and measured data had been compared for mutual constituents of tide models, hereafter referred to as frequency domain comparison. But in case of our study area and other continental shelves, it is essential to compare models for their general ability and avoiding to limit the comparisons to the constituents that are common in all of them. So another approach, which is referred as time domain comparison, has been specified to compare tidal elevation, instead of constituents. To complete this comparison, another form of assessment has been set up for tidal current, which is made only for models with the ability of providing tidal current constituents provided by assimilation models. Location of the Amphidromic points is also investigated for the tide models in the current research work. 
	Table 2. Constituents Included in each tide model

	Constituents

Models
	M2
	S2
	K2
	2N2
	N2
	S1
	O1
	K1
	P1
	Q1
	Mf
	Mm
	M4
	MS4
	MN4
	Other

	TPXO8
	(
	(
	(
	
	(
	
	(
	(
	(
	(
	(
	(
	(
	(
	(
	

	FES12
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(

	HAM12
	(
	(
	(
	(
	(
	
	(
	(
	(
	(
	
	
	
	
	
	

	EOT11a
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	(
	
	
	

	DTU10
	(
	(
	(
	
	(
	GOT 4.7
	(
	(
	(
	(
	
	
	GOT 4.7
	
	
	

	OSU12
	(
	(
	(
	
	(
	(
	(
	(
	(
	(
	
	
	(
	
	
	

	GOT4.8
	(
	(
	(
	
	(
	(
	(
	(
	(
	(
	
	
	(
	
	
	


	Table 3. Satellite altimetry, gravimeters and tide gauges data included in each tide model

	TGs
	Gravimeter
	GFO
	ENVISAT
	ERS2
	ERS1
	JASON2
	JASON1
	TOPEX/
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	Data

Models
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Comparisons of the results of different tide models have been made for frequency domain and time domain for both tidal elevation and current speed. The comparisons also include the location of Amphidromic points. 

For the frequency domain approach, water level data collected at different stations have been analyzed by harmonic method to derive at least eight major tide components, namely: M2, S2, N2, K2, K1, O1, Q1 and P1, which are in common between different tide models. Tide constituents are extracted using bilinear interpolation by CDO (Schulzweida 2016) at each station and a MATLAB script. For evaluation of the tide models the following statistical indices in frequency domain have been utilized:
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where H and φ are the constituent amplitude and phase respectively, and N and K indicate station and constituent numbers, respectively. 


For the model assessment in the time domain, original time series of measurements are used, and using all constituents extracted from different tide models and the approach of Pawlowicz (2002), time series of tide models for all stations were extracted. To compare the results, statistical indices including RMS, SSE, R2, correlation, variance and covariance have been calculated. 

Comparison of tide models in time domain is of great importance in the study area of the interest of this research project. Time and frequency domain approaches are different in the number of tidal constituents which are involved in the computations. The frequency domain approach considers only the tidal constituents common between all tide models, which are eight, while the time domain approach involves all constituents that each model can provide. Because the time domain approach includes shallow water constituents which are supposed to have significant effects on water level variation in studying continental shelves, it is expected that the time domain approach provides more reliable water level predictions. 
Measured water level values include the effects of tide, wind, pressure, and seiche simultaneously, while tide models only consider the effect of tide. Thus comparison of predictions of tide models with non-filtered measured water levels may not be appropriate. However, removing non tidal effects requires long-term measurements of water level, which is not applicable using six-month measured data. Therefore, in this study for the time domain approach, original measured data without filtering is used, which may lead to unavoidable errors. 


For comparing the predictions of tidal current speed, the depth-averaged velocities were extracted from ADCP records, to be compared by the depth-averaged velocities calculated by different assimilated tide models. The depth-averaged velocities may be calculated by equations 3 and 4 using the ADCP records as follows:



[image: image16.wmf]d

udz

u

d

ò

-

=

0


(3) 


[image: image17.wmf]d

vdz

v

d

ò

-

=

0


(4) 
where 
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and 
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are depth-averaged velocities; u and v are the velocity component in x and y direction, respectively, d is the still water depth, and z is Cartesian co-ordinate. 
RESULTS AND DISCUSSION
Tidal constituents
Table 4 shows differences between the measured values and simulated results, aggregated for all stations. It is evident that TPXO8 (ATLAS) exhibits the smallest differences in both Persian Gulf and Oman Sea. Moreover, the agreement of measured and simulated values for TPXO8 is more than the local tide model, TPXO PERS, which has been customized for Persian Gulf and Oman Sea. 
	Table 4. Statistical indices, RMS and RSS, in cm

	Constituents

Model
	RMS
	RSS

	
	Q1
	P1
	O1
	M2
	K1
	S2
	K2
	N2
	

	DTU
	1.15
	2.44
	5.40
	22.04
	8.51
	7.18
	2.10
	4.67
	25.93

	EOT
	1.13
	2.76
	6.09
	20.24
	9.62
	7.53
	2.25
	4.68
	25.13

	GOT
	1.26
	2.65
	6.02
	20.78
	9.61
	7.82
	2.21
	5.50
	25.80

	OSU
	1.47
	2.28
	5.04
	19.54
	7.75
	7.99
	1.80
	4.34
	23.67 (5)

	HAMTIDE11
	1.64
	3.41
	7.72
	21.74
	13.67
	9.08
	2.34
	5.60
	29.20

	HAMTIDE12
	1.42
	3.09
	7.13
	21.01
	12.94
	8.65
	2.25
	5.77
	28.01

	FES12
	0.96
	2.44
	5.67
	16.72
	8.72
	5.99
	1.83
	4.32
	21.28 (3)

	FES14
	0.98
	2.50
	5.51
	17.38
	8.72
	6.80
	1.74
	3.98
	21.93 (4)

	TPXO8
	0.55
	1.68
	3.09
	9.40
	5.32
	3.16
	1.56
	2.55
	12.17 (1)

	TPXO Pers
	0.58
	1.78
	3.23
	9.93
	5.60
	3.37
	1.61
	2.64
	12.83 (2)


Fig. 4 presents the RSS values of different locations in Persian Gulf and Oman Sea, for the tide models considered in the present study, aggregated for all constituents. This figure shows that the differences for different models with the measured values are not very different when the data from the ADCPs is used, for which the errors do not exceed more than 10 cm. On the other hand, using the data obtained from the TGs, the differences for different models vary over larger values. The worst case is for the Pohl station, which is surrounded by a large zone of shallow waters.
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Figure 4. RSS values for different locations for alternative tide models

Tidal Level

This comparison considers all the components inherently included in tide models and is not limited to the components used for the initial comparison between the models made in this study. Only 8 stations from the stations shown in Fig. 2, for which corresponding measured water level values exist, are included in this comparison. Predicted and measured water levels at Larak station are shown in Fig. 5, which shows better agreements for FES and TPXO tide models. 
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Figure 5. Comparison of measured and predicted water levels in Larak station 
Results for all stations are tabulated in Table 5. The table shows that the FES12 model consisting of 32 tide constituents shows better agreements compared with the TPXO model that includes 13 tide constituents. This indicates that the number of components included in the model plays a more crucial role than the accuracy of the main components in continental shelves, when the overall accuracy of the model is considered. It was also found that new version of the FES model shows improvement of the results in the deeper part of the Persian Gulf, but the accuracy of the predictions is decreased in the shallower part, in comparison with FES12. Regarding the accuracy, as well as the results in the frequency domain, OSU model stands after FES and TPXO. GOT tide model is the next accurate tide model, which has the lowest resolution in comparison with the rest of models. It can be concluded that the most important factors regarding the accuracy of a model in this area are the number of constituents which are taken into account, especially the shallow water tidal constituents, and the accuracy of each tidal constituent. The model resolution has a minor effect in the results, indicating that the tidal constituents vary smoothly and may be calculated by a bilinear interpolation. 

	Table 5. Statistical indices for tidal levels

	Statistical Index
	    Stations

Models
	Booshehr
	Deylam
	Lavar
	Genaveh
	Sirik
	Larak
	Jask
	Khark
	Average

	RMS (m)
	DTU
	1.54
	1.89
	1.53
	1.01
	1.31
	1.24
	0.91
	1.09
	0.42

	
	EOT
	1.4
	1.53
	2.2
	2.37
	1.89
	2.01
	2.38
	2.38
	0.36

	
	GOT
	0.44
	0.56
	0.35
	0.21
	0.38
	0.3
	0.33
	0.25
	0.35

	
	HAMTIDE
	0.21
	0.74
	0.41
	0.54
	0.81
	0.09
	0.07
	0.16
	0.38

	
	OSU
	0.15
	0.57
	0.37
	0.43
	0.68
	0.32
	0.06
	0.16
	0.34

	
	TPXO
	0.11
	0.17
	0.1
	0.13
	0.1
	0.09
	0.07
	0.16
	0.12 (2)

	
	FES12
	0.13
	0.15
	0.09
	0.12
	0.08
	0.08
	0.06
	0.16
	0.11 (1)

	
	FES14
	0.23
	0.12
	0.22
	0.22
	0.34
	0.06
	0.04
	0.15
	0.17 (3)

	Correlation
	DTU
	0.19
	0
	-0.37
	0.06
	-0.17
	0.37
	0.53
	0.32
	0.52

	
	EOT
	0.21
	-0.03
	0
	0.01
	-0.05
	0.38
	0.26
	0.16
	0.46

	
	GOT
	-0.06
	0.46
	0.55
	0.92
	0.82
	0.93
	0.81
	0.86
	0.66

	
	HAMTIDE
	0.87
	-0.52
	0.01
	-0.13
	-0.41
	0.99
	0.99
	0.98
	0.35

	
	OSU
	0.94
	0.56
	0.46
	0.46
	0.19
	0.84
	0.99
	0.97
	0.68

	
	TPXO
	0.98
	0.98
	0.98
	0.98
	0.99
	0.99
	0.99
	0.98
	0.98 (2)

	
	FES12
	0.96
	0.99
	0.98
	0.99
	1
	0.99
	1
	0.98
	0.99 (1)

	
	FES14
	0.85
	0.99
	0.87
	0.91
	0.87
	1
	1
	0.98
	0.93 (3)


Tidal current

Several factors, namely, tidal regime, water density, wind shear resistance, pressure, Coriolis forcing and bed friction affect tidal current magnitude and direction Current meters record a current field including all the above mentioned factors together, while tide models can only consider tidal part and ignore the other factors. As it was reasoned for tidal level, recorded data are not filtered to remove non-tidal variations. The reason for using the original data is that the shallow water and long-period constituents are also effective in tidal variations, which cannot be reflected by the short-time measurements used herein. This approach is expected to result in better estimations. Fig 3 shows the current measurement stations. Since only assimilation models are able to provide tidal current predictions, their different versions are embedded for this part of comparisons. Fig. 6 shows the measured and simulated east velocity for tidal current at the Larak station.
For a better presentation of differences for the tidal current pattern between inside and outside of the Persian Gulf, results for Chabahar (Gulf of Oman) and Booshehr (Persian Gulf) stations are illustrated in Figs. 7 and 8 respectively. Similarity of the results for Chabahar station, only TPXO and FES model results are shown in Fig. 7.
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Figure 6. East velocity component of tidal current in Larak station
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(b)


Figure 7. Q-Q Scatter plot of measured and simulated east velocity component of tidal current in Chabahar for a) FES12, b) TPXO Pers tide models
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(c)
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(e)


Figure 8. Q-Q Scatter plot of measured and simulated east velocity component of tidal current in Booshehr for a) FES12, b) FES14, c) HAM11, d) HAM12, and e) TPXO Pers tide models
For Chabahar, it may be concluded that the currents are significantly affected by atmosphere pressure fronts, which is dominant in the Gulf of Oman, instead of tide. Therefore, as tide models are not able to simulate currents in such zones, they present same results. But for Booshehr station, which is located in Booshehr Bay in the Persian Gulf, due to the nature of the Persian Gulf and small fetch lengths, tidal current is dominant, and therefore differences between the tide model results become significant.
The statistical indices of tidal currents extracted from different tide models for east and north velocities are tabulated in Tables 6 and 7 respectively. It should be noted that TPXO8 has no current result in this study area. 
	Table 6. Statistical indices for east velocity component of tidal currents (the best results are highlighted)

	Statistics

index
	Models

Stations
	Booshehr
	Chabahar
	Deylam
	Faroor
	Jask
	Kangan
	Khark
	Larak
	Lavar
	Taheri
	Average

	RMS

(m/s)
	HAM11
	0.18
	0.12
	0.17
	0.3
	0.10
	0.16
	0.09
	0.17
	0.14
	0.24
	0.17

	
	HAM12
	0.14
	0.12
	0.11
	0.41
	0.10
	0.19
	0.09
	0.16
	0.14
	0.24
	0.17

	
	FES12
	0.12
	0.12
	0.08
	0.26
	0.11
	0.18
	0.08
	0.15
	0.14
	0.22
	0.15

	
	FES14
	0.11
	0.12
	0.1
	0.22
	0.10
	0.17
	0.08
	0.14
	0.13
	0.22
	0.14

	
	TPXO Pers
	0.16
	0.12
	0.17
	0.34
	0.10
	0.17
	-
	0.12
	0.13
	0.24
	0.17

	R2
	HAM11
	0
	0
	0
	0.13
	0
	0
	0.56
	0
	0
	0
	0.07

	
	HAM12
	0.19
	0
	0
	0
	0
	0
	0.55
	0.14
	0
	0
	0.09

	
	FES12
	0.41
	0
	0.55
	0.32
	0
	0
	0.65
	0.23
	0
	0
	0.22

	
	FES14
	0.5
	0
	0.40
	0.03
	0
	0.03
	0.68
	0.31
	0
	0
	0.20

	
	TPXO Pers
	0
	0
	0
	0
	0
	0.03
	-
	0.55
	0.01
	0
	0.06

	Correlation
	HAM11
	0.44
	0.07
	0.08
	0.49
	0.02
	0.15
	0.82
	0.50
	0.3
	0.39
	0.33

	
	HAM12
	0.44
	0.07
	0.08
	-0.12
	0.01
	-0.04
	0.82
	0.54
	0.23
	0.34
	0.24

	
	FES12
	0.65
	0.1
	0.76
	0.62
	0.02
	0.28
	0.64
	0.7
	0.47
	0.57
	0.48

	
	FES14
	0.71
	0.16
	0.76
	0.56
	0.02
	0.29
	0.85
	0.73
	0.49
	0.61
	0.52

	
	TPXO Pers
	0.10
	0.01
	-0.45
	0.59
	-0.01
	0.23
	-
	0.85
	0.31
	0.44
	0.21


	Table 7. Statistical indices for north velocity component of tidal current  (the best results are highlighted)

	Statistics

index
	Models

    Stations
	Booshehr
	Chabahar
	Deylam
	Faroor
	Jask
	Kangan
	Khark
	Larak
	Lavar
	Taheri
	Average

	RMS

(m/s)
	HAM11
	0.14
	0.03
	0.11
	0.21
	0.06
	0.11
	0.1
	0.22
	0.21
	0.07
	0.12

	
	HAM12
	0.18
	0.04
	0.21
	0.22
	0.06
	0.11
	0.09
	0.18
	0.22
	0.07
	0.14

	
	FES12
	0.19
	0.04
	0.14
	0.23
	0.07
	0.10
	0.12
	0.15
	0.19
	0.07
	0.13

	
	FES14
	0.2
	0.03
	0.12
	0.22
	0.06
	0.10
	0.11
	0.21
	0.14
	0.08
	0.13

	
	TPXO Pers
	0.29
	0.04
	0.13
	0.19
	0.06
	0.10
	-
	0.84
	0.22
	0.06
	0.21

	R2
	HAM11
	0.25
	0
	0
	0
	0
	0
	0.76
	0
	0.27
	0
	0.13

	
	HAM12
	0.26
	0
	0
	0
	0
	0
	0.77
	0.19
	0.15
	0
	0.14

	
	FES12
	0.15
	0
	0.26
	0
	0
	0.03
	0.58
	0.42
	0.37
	0
	0.18

	
	FES14
	0.1
	0
	0.53
	0
	0
	0.02
	0.64
	0
	0.31
	0
	0.16

	
	TPXO Pers
	0
	0
	0.44
	0.17
	0
	0.02
	-
	0.81
	0.15
	0
	0.16

	Correlation
	HAM11
	0.50
	0.13
	0.08
	0.47
	0.00
	0.05
	0.88
	0.52
	0.57
	0.04
	0.32

	
	HAM12
	0.66
	0.06
	0.21
	-0.16
	0.02
	0.09
	0.88
	0.68
	0.49
	0.07
	0.30

	
	FES12
	0.71
	0.07
	0.91
	0.11
	0.01
	0.26
	0.66
	0.64
	0.68
	0.03
	0.41

	
	FES14
	0.70
	0.28
	0.89
	0.29
	0.01
	0.24
	0.88
	0.2
	0.73
	0.04
	0.43

	
	TPXO Pers
	0.09
	0.20
	0.68
	0.57
	0.04
	0.18
	-
	0.91
	0.43
	0.12
	0.32


From Tables 6 and 7, the overall conclusion is that the FES14 tide model exhibits more accurate tidal current speed predictions among the assimilation tide models.
Amphidromic Points
Amphidromic systems are a representation of formed standing waves, where an Amphidromic point refers to a node. Considering the length of the Persian Gulf and the period/wavelength of each tidal constituent, one or two Amphidromic points are expected. Location of these points for major constituents may be extracted from different tide models, by indicating the point with the lowest amplitude without employing an interpolation scheme. The results are shown in Fig. 9 which indicate the models with close range of resolutions, present closer Amphidromic points. The Amphidromic points obtained form GOT model, because of its lowest resolution and due to the computations with no interpolations, are located far from the other computed Amphidromic points. Moreover for constituent S2, differences between locations of the Amphidromic points computed by different tide models become meaningful. 
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Figure 9. The location of the Amphidromic points for major tidal constituents
CONCLUSION
Several approaches are employed in this study to assess the performance of a number of tide models in the Persian Gulf and Gulf of Oman. Using bilinear interpolation and harmonic analysis, eight major tidal constituents were compared that revealed the results of TPXO, FES and OSU are in a better agreement. 

Because of the importance of shallow water constituents in the continental shelves, where most of the measurement stations are located, another comparison with the inclusion of all of the constituents of each model has been made. This comparison showed that two factors including the number of constituents involved in the computations, and the accuracy of each constituent, lead to a better estimation of water levels for FES model in comparison with TPXO model with a higher resolution. GOT model with the lowest resolution also shows closer predictions in comparison with the other models with the same number of constituents. This means that in this area, the degree of resolution has a minor effect, and because the variation of the amplitude and phase of tidal constituents is small, they may be computed by using a proper interpolation scheme. It was also concluded that due to the nonlinearity, the number of constituents and their accuracy has a crucial role in the degree of the accuracy of predictions. 

It was also found that large areas of the Persian Gulf have tidal currents same as their dominant current pattern, but in the Gulf of Oman, currents are mostly affected by the disturbance of atmospheric pressure, and therefore tide models are insufficient for estimating currents, and employing a hydrodynamic model is unavoidable. Among available models and inside the Persian Gulf, FES model showed the best fitted results regarding the statistical indices employed. 
With regard to the location of Amphidromic points, without applying a bilinear interpolation, the differences between different tide models were insignificant and the maximum discrepancy was found for the S2 constituent. 
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