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Abstract A vertically 2-D numerical model based on the Delft3D modelling system is set up, 
calibrated, and validated to simulate the tidal hydrodynamics in the Arabian Gulf. The model 
is a barotropic solution, controlled by 13 tidal components at open boundaries. The perfor- 
mance of the numerical model was evaluated using the hourly water level observations and 
the TOPEX/Poseidon altimetry data. Statistical analysis showed a good agreement between the 
simulated and observed water levels. RMS error was found to be ranged from 0.07 to 0.23 m, 
with maximum discrepancies observed at Ras Tanura and Mina Sulman stations. However, the 
IOA between the simulated and observed water levels was significant (0.95—0.99). On average, 
the errors for the tidal constituents considered in the analysis are in the order of < 0.02 m (4%). 
The M 2 , S 2 , K 1 and O 1 tidal waves represent the largest among other constituents, where the 
amplitude of S 2 represents almost 30% of the M 2, and the O 1 tidal wave represents about 50% 
of the K 1 tide. The co-tidal charts of the semidiurnal tides show the existence of two anti- 
clockwise amphidromic systems in the north and south ends (centred around 28.25 ° and 24.5 °N 

respectively) close to the western side, while the diurnal constituents form only a single am- 
phidromic point in the central part, centred around 26.8 °N (North Bahrain). On the other hand, 
the velocity amplitudes of the U and V components of the numerical model were compared 
with a previous observational study and found to be agreed well. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

n the global level, the Arabian Gulf (AG) (known also as 
he Persian Gulf) is an important region environmentally, 
conomically, and politically due to the oil-related activ- 
ties and gas resources. The physical border of the AG is 
urrounded by the shoreline of Saudi Arabia, Bahrain, and 
atar on the western edge, the coastline of Iran on the 
astern side, Kuwait in the north-western part, Iraq on the 
orthern part, and the United Arab Emirates (UAE) on the 
outhwestern coastline ( Figure 1 ). Generally, the AG expe- 
iences a sub-tropical climate due to its location in the north 
f the tropic of cancer. A common weather event in the re- 
ion is known as the “Shamal”, which is a north-westerly 
ind predominant throughout the year ( Perrone, 1979 ). 
owever, the weather condition experiences seasonal vari- 
tions connected with the amplitudes of the Arabian and 
ndian thermal lows ( Emery, 1956 ; Perrone, 1979 ). The AG 

egion is characterized by high evaporation rates ( ∼ 2 m 

r -1 ) ( Ahmad and Sultan, 1991 ; Privett, 1959 ) which exceed 
he net freshwater either by precipitation or rivers flow ( Al- 
ubhi, 2010 ; Pous et al., 2012 ). As a result, the AG acts as
 large inverse-estuarine system, where the Strait of Hor- 
uz is the only mechanism that controls the exchange be- 
ween the AG and the northern Indian Ocean. The physi- 
al and hydrographic conditions of the AG including water 
igure 1 Map of the Arabian Gulf including numerical model bath
he world ocean. 

328 
emperature, salinity, wind conditions, heat flux, flow ex- 
hange regime, etc, can be found in the previous inves- 
igations (e.g., Ahmad and Sultan, 1991 ; Al-Subhi, 2010 ; 
rewer et al., 1978 ; Brewer and Dyrssen, 1985 ; Chao et al.,
992 ; Emery, 1956 ; Johns et al., 2003 ; Kämpf and Sadri-
asab, 2006 ; Pous et al., 2004 ; Reynolds, 1993 ; Yao, 2008 ). 
Tides in the AG are an important driving force 

 Elshorbagy et al., 2006 ). The tidal wave in the AG is to be
scillating at a period of 22.6 or 21.7 hours where the main 
idal motion in the AG is due to Kelvin waves ( Defant, 1961 ).
everal studies were carried out in the AG to study the 
idal conditions using tide gauge data ( Akbari et al., 2016 ; 
l-Mahdi et al., 2009 ; Al-Subhi, 2010 ; Khalilabadi, 2016 ; 
haraf El-Din, 1988 ; Siddig et al., 2019 ; Sultan et al., 1995 ).
n the other hand, a number of modelling studies were ap- 
lied to study the tidal components considering only the 
our principal tidal components (M 2 , S 2 , O 1 , K 1 ), which
onsidered for producing the amplitude and phase charts 
 Bashir, 1993 ; Lardner et al., 1982 , 1988 ; Poul et al., 2016 ;
ajafi and Noye, 1997 ; Pous et al., 2012 ; Thompson et al., 
994 ; Trepka, 1968 ). The conclusion drawn from these stud- 
es suggests that the tidal system is complex and changes 
rom being primarily semi-diurnal to diurnal throughout the 
asin. Interaction between semidiurnal (M 2 , S 2 ) and diurnal 
O 1 , K 1 ) tidal constituents yield resonance, where the for- 
er results in two amphidromic systems (one in the north- 
ymetry based on ‘GEBCO_2021’ global bathymetry datasets for 
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rn and one in the southern parts), and the latter forms 
nly a single amphidromic point in the central part, near 
ahrain. However, the earlier modelling studies showed that 
mplitudes and phases of the tidal components were not 
ccurately produced by the used models, mainly due to 
sing coarse mesh-resolution, as well as low resolution of 
athymetry along the coastlines. Trepka (1968) used nonlin- 
ar Cartesian coordinate of Hansen Scheme to predict M 2 

n the Gulf considering a coarse resolution grid (14 km). 
is model predictions of amplitude and phase were good in 
eneral, but large discrepancies of about 20% were found 
long the coastal areas. Later, he conducted an experi- 
ent considering 7 tidal constituents and compared the 
esults with predictions of low and high water presented 
n the German and English Tide Tables. Their model dis- 
repancies were in the range of 0.1 m in high and 0.36 m 

n low waters, with maximum deviation of about 60 min. 
ardner et al. (1982) simulated the tides in the Gulf using 
he finite difference scheme considering a coarse grid (20 
m) to generate the co-charts of the M 2 and K 1 constituents. 
hey concluded that the computed amplitudes and phases 
re under-overestimated in several regions in the Gulf, due 
o the method of computation used, where the amplitudes 
re calculated as the average of all the maximum tidal ele- 
ations and the phases are calculated from the time of the 
ast maximum of elevation. Later, Lardner et al. (1988) used 
he method of characteristics to predict M 2 and K 1 tidal con- 
tituents and compared their model results with co-tidal 
harts. They found that the phase contours are in good 
greement while the amplitude contours include large dis- 
repancies. They attributed the discrepancies to the low 

rid resolution along the coastline. Bashir (1993) modeled 
he tides using a ∼ 9 km grid model resolution and four tidal 
onstituents (M 2 , S 2 , O 1 , K 1 ) to drive the model. He vali-
ated his model using data from Admiralty chart, where his 
odel tended to underestimate the amplitudes and overes- 
imate the phases. Najafi and Noye (1997) modelled the AG 

ides using a Cartesian depth-averaged model and a spher- 
cal coordinate model (8.7 km x 9.7 km) forced by 10 tidal 
onstituents mainly the major semidiurnal and diurnal and 
L 2 , μ2 ). They found that the predicted phases for M 2 and O 1 

re not consistent with the Admiralty charts in the strait of 
ormuz. They attributed the discrepancies to the boundary 
ffect. Pous et al. (2012) used a 9 km grid resolution model 
orced by 7 tidal constituents to generate only the co-charts 
or M 2 and K 1 . They concluded that their model error ratio 
s in the order of 0.05 m (10%) on average with maximum 

iscrepancies observed for P 1 , O 1 and K 2 . Recently, a mod- 
lling study by Poul et al. (2016) have considered 13 tidal 
onstituents to describe the tides and focusing on effect of 
eshm canal in the Gulf, but only qualitative comparisons 
ere provided in this study, thus, nothing can be stated 
bout the discrepancies assessment. 
As seen above that all previous modelling efforts used 

oarse-resolution models forced by a limited number of 
idal constituents (depending on the study interest) along 
he open boundaries. In this study, we setup, calibrate and 
alidate a vertically 2-D barotropic tidal model, consider- 
ng a spatial horizontal mesh size of 5 km, bathymetry data 
t a resolution of 15 arc-seconds, and 13 tidal components 
long the open boundary. For this purpose, the Delft3D 

odel, which was developed in the Netherlands by D elft Hy- 
329 
raulics is used. To select optimal parameters in the numer- 
cal model, sensitivity tests of the numerical and physical 
arameters were conducted. The simulation results were 
valuated using water level measurements at 7 tide gauge 
tations and TOPEX/Poseidon (T/P) altimetry data. More- 
ver, one ADCP mooring station was used to validate the 
odel in terms of U and V components. Once, the model 
as been validated, tidal conditions are described for the 
G region. The rest of the manuscript is arranged as follows. 
ection 2 introduces the materials and methods, including a 
rief description of the modelling system and the AG Model 
onfiguration. The results and discussion of the numerical 
imulations are given in section 3 . Section 4 sheds light on 
he summary and conclusion of this study. 

. Material and methods 

.1. Study area 

he selected domain for the current study covers the en- 
ire AG basin including the Strait of Hormuz and part of the 
ulf of Oman. The AG is located between 30 °, 24 °N lati-
ude, and 48 °, 57 °E longitude, oriented in the NW and SE
irection. It is a marginal, semi-enclosed hypersaline sea, 
ith a maximum width of 370 km to a minimum of about 
0 km found in the Strait of Hormuz. The length of the AG
s about 1000 km along its main axis. The surface area of 
he water basin is about 239,000 km 

2 ( Emery, 1956 ). The 
ottom topography of the Gulf is relatively shallow, with a 
aximum depth of 90—100 m in the Strait of Hormuz, and 
 mean depth of about 35 m ( Pous et al., 2004 ; Roos and
chuttelaars, 2011 ; Siddig et al., 2019 ). The deeper topo- 
raphic features ( > 50 m) in the region are found along the
ranian coast while the shallower areas ( < 20 m) are found 
long the southwestern coasts. The AG is connected through 
he southern boundary with the Gulf of Oman (where the 
ypical depth is ∼900 m), and the northern Indian Ocean via 
he Strait of Hormuz. 

.2. Data source 

n this study, hourly time-series of tidal data at seven 
tations, namely Arabiyah Island, Jubail, Marjan Island, 
urayyah Pier, Ras Tanura, Mina Sulman, and Jask Har- 
our (see Figure 2 for their locations) were made avail- 
ble. These data were obtained from ARAMCO Oil Company 
xcept for Mina Sulman and Jask Harbour stations, they 
ere downloaded from the Sea Level Centre at University of 
awaii (UHSLC) from the following link ( http://uhslc.soest. 
awaii.edu/data/?rq#uh182a ). The hourly recorded time 
eries from ARAMCO Oil Company covers the year 1999 while 
he sea level data for Mina Sulman and Jask Harbour in- 
ludes the years 1997 and 2012 respectively. The main pur- 
ose of using the hourly tidal data is to carry out harmonic 
nalysis and validate the numerical tidal model. Moreover, 
idal constituents at 20 points selected within the model 
omain extracted from TOPEX/Poseidon (T/P) altimetry 
ata ( http://volkov.oce.orst.edu/tides/global ) were con- 
idered to validate the numerical model. On the other hand, 
arotropic tidal currents in terms of U and V components 

http://uhslc.soest.hawaii.edu/data/?rq#uh182a
http://volkov.oce.orst.edu/tides/global
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Figure 2 Computational grid distribution of the AG-Model, blue line represents the closed boundaries, green line represents the 
open boundary, ( ●) denotes tide gauge stations, and ( �) denotes ADCP mooring, ( � ) denotes T/P data locations. 
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based on ADCP data) were taken from a published study 
 Johns et al., 2003 ) for the year 1997 at one station lo-
ated in the Strait of Hormuz (26.2678 o N, 56.0867 o E) to val- 
date the numerical model. The bathymetry data used is de- 
ived from the new release of the global bathymetry dataset 
GEBCO_2021 Grid” at a 15 arc-second interval grid ( ∼ 450 
), ( https://www.gebco.net/data _ and _ products/gridded _ 
athymetry _ data/gebco _ 2021/ ). To drive the tidal hydrody- 
amic model, 13 harmonic constituents, mainly semidiurnal 
ides (M 2 , N 2 , S 2 , K 2 ) and diurnal tides (k 1 , P 1 , O 1 , Q 1 ) includ-
ng (M f , M m 

, M 4 , MS 4, and MN 4 ) in the form of amplitudes and
hases were extracted from the global ocean tidal model 
PXO8 ( Egbert and Erofeeva, 2002 ) ( https://www.tpxo.net/ 
lobal/tpxo8-atlas ). 

.3. Statistical analysis 

n the present study, several statistical parameters were 
onsidered to evaluate the performance of the numeri- 
al model. These are determined by calculating the BIAS 
 Eq. (1) ), the index of agreement ( IOA ) ( Eq. (2) ), and the
oot mean square difference ( RMSD ) ( Eq. (3) ) based on the
ollowing formula: 

IAS = 

1 
n 

n ∑ 

1 

abs ( Simul at ed − Observed ) (1) 
330 
OA = 

∑ n 
i =1 ( O i − S i ) 

2 ∑ n 
i =1 

(∣∣S i − ō 
∣∣ + 

∣∣O i − ō 
∣∣)2 , 0 ≤ IOA ≤ 1 (2) 

here o i is the observation and s i is the simulation and ̄o is 
he average observation value ( Willmott, 1981 ). 

MSD = 

√ √ √ √ 

1 
n 

n ∑ 

1 

( Simul at ed − Observed ) 2 (3) 

On the other hand, the Delft3D - TRIANA program of the 
elft3D modelling system has been employed to perform 

he tidal analysis and derive the main semidiurnal (N 2 , M 2 , 
 2 , K 2 ) and diurnals (Q 1 , O 1 , P 1 , K 1 ) tidal constituents for
oth predictions and observations. The program also pro- 
ides a statistical assessment of the discrepancies between 
bservations and simulation results. The statistical assess- 
ent includes the standard deviation of the tidal analysis 
SD), the Upper Extreme of the Residual (UER) and Lower 
xtreme of the Residual (LER), and the Summed Vector Dif- 
erence (SVD) ( Eq. (4) ), which is calculated as: 

 

Obs 

√ 

[ H C cos ( G C ) − H O cos ( G O ) ] 
2 + [ H C sin ( G C ) − H O sin ( G O ) ] 

2 (4) 

n which 
∑ 

Obs refers to a summation over the stations with 
bserved amplitude and phase . 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2021/
https://www.tpxo.net/global/tpxo8-atlas
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.4. Model description 

n the current research, the numerical hydrodynamic model 
as developed with the Delft3D modelling system. The 
odelling system was developed in the Netherlands by 
L │D elf t Hydraulics ( Deltares, 2011 ), The Delft3D-Flow 

odel (the main module) is capable to solve two- (2D) or 
hree-dimensional (3D) non-steady flow and transport pro- 
esses produced from tidal and meteorological elements in- 
luding the temperature and salinity differences effects. 
he Delft3D modelling system is based on the primitive 
avier-Stokes equations for incompressible free surface 
ow, under the Boussinesq approximation ( Roelvink and 
anning, 1995 ). The system solves the momentum ( Eq. (5) —
6) , and continuity equations ( Eq. (7) ) for velocities and wa- 
er levels. The equations include the horizontal equations 
f motion and the transport equations for conservative con- 
tituents. 
The governing equations of the model are as follows: 

∂u 
∂t 

+ u 
∂u 
∂x 

+ v 
∂u 
∂y 

+ g 
∂η

∂x 
− fv + 

gu | U | 
C 2 ( d + η) 

− v w 

(
∂ 2 u 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

)
= 0 

(5) 

∂v 
∂t 

+ u 
∂u 
∂x 

+ v 
∂v 
∂y 

+ g 
∂η

∂y 
− fu + 

gv | U | 
C 2 ( d + η) 

− v w 

(
∂ 2 u 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

)
= 0 

(6) 

∂η

∂t 
+ 

∂ ( d + η) u 

∂x 
+ 

∂ ( d + η) v 
∂y 

= 0 (7) 

n which η is the water level elevation (m), d is the still 
ater depth (m), f is the Coriolis parameter (1 s −1 ), t is 
he time (s), U is the magnitude of the total velocity (m 

 

−1 ), C is the Chézy’s friction coefficient (m 

1/2 s −1 ), u and v
re the depth-averaged velocities in the x- and y-directions 
m s −1 ), v w is the diffusion coefficient (m 

2 s −1 ), g is the ac-
eleration due to gravity (m 

2 s −1 ) 
The numerical solution of the equations is discretized 

sing the centred second-order finite differences method 
n a staggered Arakawa C-grid ( Arakawa and Lamb, 1977 ). 
o solve the shallow water equations, the Alternating Dif- 
erential Implicit (ADI) technique is used, which separates 
ne integration time step into two stages. Therefore, the 
olution is implicit, and each stage is comprised of half a 
ime step ( Stelling and Leendertse, 1992 ). Since the solu- 
ion is implicit, the consistency of the model is not lim- 
ted by the time step. The wave propagation is primarily 
elated to the Courant number ( Eq. (8) ), and to ensure ac- 
urate wave propagation in the grid, and accurate solution 
y Equation (8) , the C r is less than 4 

√ 

2 ( Roelvink and Ban- 
ing, 1995 ; Stelling and Leendertse, 1992 ). 

C r = 2�t 

√ 

gH 

(
1 

�x 2 
+ 

1 
�y 2 

)
< 4 

√ 

2 (8) 

here C r is the Courant number, �t is the time step (s), g is 
he acceleration due to gravity (m s −²), H is the local water 
epth (m), and �x, �y are the grid mesh sizes in the x- and
-directions (m). 
331 
.5. Model configuration 

he computational mesh of the AG model (hereafter AG- 
odel) covers the entire AG and extended to the Gulf of 
man at 58 °E. The model area was structured using a rect-
ngular grid with a uniform horizontal grid resolution of �x 
nd �y = 5 km ( Figure 2 ). The figure also shows the positions
f the water level observations considered in calibrating and 
alidating the hydrodynamic model. The bathymetry of the 
G-Model was based on the "GEBCO_2021 Grid" at a 15 arc- 
econd interval grid ( ∼ 450 m). The resulting bathymetric 
ap based on this data is shown in Figure 1 . In terms of open
oundary, the modelling system ( Delft3D ) permits the use of 
he Riemann-invariant boundary condition to reduce error 
eflections in the open boundary ( Verboom and Slob, 1984 ). 
hen there is no incoming wave, then a zero Riemann in- 
ariant is imposed to ensure that all waves can leave the 
omain freely. The open boundary of the AG-Model was set 
t the Gulf of Oman (58 °E). Along the open boundary, 13 har-
onic constituents, mainly semidiurnal tides (M 2 , N 2 , S 2 , K 2 )
nd diurnal tides (K 1 , P 1 , O 1 , Q 1 ) including (M f , M m 

, M 4 , MS 4, 
nd MN 4 ) in the form of amplitudes and phases were pre-
cribed and linearly interpolated. The coordinates system 

f the AG-Model is spherical, which means that the variation 
f the Coriolis force is specified in the latitude direction. At 
he closed boundaries, a free slip condition was applied (U 

nd V = 0). In terms of initial conditions of water levels, they
ere set to zero. A time step of �t = 60 seconds was set
o carry out the simulations. The water density and gravi- 
ational acceleration values were set respectively 1028 kg 
 

−3 and 9.81 m s −2 . The model was initialized for differ-
nt periods, (1 January 1997, 1 January 1999, and 1 Jan- 
ary 2012) and the simulations were carried out for 12 con- 
ecutive months. However, due to warming up processes, 
he equilibrium state was attained after ten days; thus, the 
rst ten days of the simulation were removed before the 
nalyses. 

.6. Tuning model parameters 

wing to the simplification, approximation, and assump- 
ions employed in the numerical model, assessment of the 
odel inputs is required ( Palacio et al., 2005 ). To assess 
he general performance of the numerical model, sensitiv- 
ty tests were carried out to adopt optimal numerical and 
hysical parameters to the AG-Model. These parameters in- 
olved the boundary condition, time step, bottom rough- 
ess, and horizontal eddy viscosity (HEV). In terms of open 
oundary forcing, the model at eastern (U-direction) bound- 
ry was driven by the major eight semidiurnal and diurnal 
idal components including (M f , M m 

, M 4 , MS 4, and MN 4 ). The
nitial run showed that the AG-Model produces similar tidal 
levations to the observed ones, therefore, the amplitudes 
nd phases of the tidal components were adopted to carry 
ut all simulations. On the other hand, changing the value of 
he time step did not influence the numerical model results; 
owever, the smaller the time step, the higher the accuracy 
f the computations. As mentioned above that the wave 
ropagation is related to the Courant number ( Eq. (8) ), ac- 
ordingly, a time step of 1 minute was used in all runs to
eet the stability criteria and accuracy requirements. The 



F. Madah and S.H. Gharbi 

Table 1 Sensitivity analysis of Chézy coefficient parameter. 

Station ID Water depth (m) Chézy (m 

1/2 s −1 ) BIAS (m) RMSE (m) IOA 

Arabiyah Island 56 45 0.06 0.19 0.97 
65 0.07 0.15 0.97 
85 0.07 0.13 0.97 

Jubail 10 45 0.07 0.26 0.98 
65 0.07 0.19 0.98 
85 0.08 0.14 0.98 

Marjan Island 46 45 0.07 0.17 0.94 
65 0.08 0.14 0.94 
85 0.08 0.12 0.95 

Qurayyah Pier 25 45 0.08 0.10 0.75 
65 0.06 0.08 0.85 
85 0.03 0.04 0.95 

Ras Tanura 8 45 0.10 0.29 0.98 
65 0.10 0.23 0.98 
85 0.10 0.22 0.98 

Mina Sulman 11 45 0.01 0.32 0.99 
65 0.01 0.25 0.99 
85 0.01 0.23 0.99 

Jask Harbour 10 45 0.01 0.07 0.99 
65 0.01 0.07 0.99 
85 0.01 0.07 0.99 

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. IOA 

represents Index of agreement; RMSD represents Root mean square difference and BIAS. 
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Table 2 Numerical and physical parameters adopted for 
the AG-Model. 

Parameters Value Unit 

Grid Resolution 5 (km) 
Time Step 60 (s) 
Che źy Coefficient 85 (m 

1/2 s −1 ) 
Horizontal Eddy Viscosity (HEV) 1 (m 

2 s −1 ) 
Water Density 1028 (kg m 

−3 ) 
Gravitational Acceleration 9.81 (m s −2 ) 

d
p
a
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s
p
t
w
e
a

3

I
c
t
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T

elft3D model applies Chézy coefficient formulation ( C= H 
1 / 6 
n ) 

hich is based mainly on the bottom roughness and the wa- 
er depth height. The bottom roughness is an important pa- 
ameter that plays a crucial role in the hydrodynamic flow 

odels. To investigate its influence on the model results, 
hree different Chézy coefficient values of 45, 65, and 85 
 

1/2 s −1 as uniform over the entire domain were examined 
 Table 1 ). The analysis revealed that using higher or lower 
alues from 65 m 

1/2 s −1 (a default value of the Delft3D sys- 
em) causes slight influences on the model results. However, 
he simulations carried out with bottom roughness (Chézy) 
f 85 m 

1/2 s −1 led to provide better results based on the 
alues of RMS error. Therefore, a constant Chézy bottom- 
oughness coefficient of 85 m 

1/2 s −1 was applied temporally 
nd spatially throughout the model domain. Owing to its es- 
ential role in defining turbulence mixing, the influence of 
he HEV was also tested by comparing different cases with 
he original simulation. It was found that the EHV coefficient 
as insignificant influence on the outcome of the simulation. 
he optimal settings chosen for the final simulations of the 
G tidal hydrodynamics are summarized in Table 2 . 

. Results and discussion 

 2-D hydrodynamic tidal model (5 km) has been setup for 
he entire AG system environment to study the tidal charac- 
eristics. To test the performance and quality of the AG- 
odel settings, two approaches were considered. Firstly, 
he model performance was assessed by comparing the 
odel results in terms of water level with available hourly 

bserved time series and tidal constituents based on T/P s

332 
ata. The model performance was also assessed by com- 
aring the model results in terms of current velocities (U 

nd V components) with the previous observational study of 
 Johns et al., 2003 ) for the year 1997. Both qualitative and
tatistical comparisons were carried out. In the second ap- 
roach, discrepancies in terms of amplitudes and phases for 
he major semidiurnal and diurnal astronomical components 
ere quantified statistically. In the following, the model 
valuation, co-charts analysis, and simulated tidal currents 
re discussed. 

.1. Tidal elevation 

n this section, comparisons of tidal elevations and statisti- 
al assessments of discrepancies between the model simula- 
ions and observations are presented. Figure 3 a—g shows ex- 
mples of the qualitative comparison for all stations, while 
able 3 lists the statistical assessment. In general, the figure 
hows a good match between the simulated and observed 
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Figure 3 Comparisons between tidal predictions and observations at (a) Arabiyah Island, (b) Jubail, (c) Marjan, (d) Qurayyah Pier, 
(e) Ras Tanura, (f) Mina Sulman, (g) Jask Harbour. 
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idal elevations. This is confirmed by predicting low and high 
ater during neap and spring tidal cycles ( Figure 3 ) and by 
eproducing the different tidal regimes in the Gulf region. 
owever, there is an underestimation of high/low water 
333 
t all stations, except for Jask Harbour. It is pronounced 
argely at Ras Tanura and Mina Sulman stations. These 
iscrepancies may arise from several aspects, the most 
mportant is the bathymetry of the model, especially the 
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Table 3 Statistical analysis of all stations considered in the model validation. 

Station No. Station ID BIAS (m) RMSD (m) IOA 

1 Arabiyah Island 0.07 0.13 0.98 
2 Jubail 0.08 0.14 0.99 
3 Marjan Island 0.08 0.12 0.95 
4 Qurayyah Pier 0.03 0.04 0.96 
5 Ras Tanura 0.10 0.22 0.98 
6 Mina Salman 0.01 0.23 0.99 
7 Jask Harbour 0.01 0.07 0.99 

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. IOA 

represents Index of agreement; RMSD represents root mean square difference and BIAS. 
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hallow coastal bathymetry. Previous studies indicated that 
he performance and accuracy of tidal regional models 
epend highly on correct seabed data, where these models 
re often restricted by seabed data, especially in shallow 

egions ( Madah et al., 2015 ; Quaresma and Pichon, 2013 ). 
oreover, the locations of the tide gauge stations of Ras 
anura and Mina Sulman are mainly at port constructions 
r marine platforms, which have topographic influences. 
uch influences may be difficult to be resolved by the 
resent numerical model because of the mesh resolution 
nd bathymetry along these locations. This suggests that 
sing high-resolution bathymetry data in shallow regions 
s indispensable for tidal simulation in the AG. For phase 
onditions, there is a very slight phase lag between the 
odel simulations and observations, pronounced mainly at 
he Marjan station ( Figure 3 ). 
To further quantify the discrepancies between the wa- 

er level observations and the AG-Model predictions, calcu- 
ation of the respective discrepancies at the high/low wa- 
er level was conducted ( Table 3 ). Statistical parameters 
ave been determined for each observation point consid- 
red in the visual interpretation for Figure 3 . In general, 
able 3 shows a very good agreement between the water 
evel observations and simulated time series. It was found 
hat RMS error ranges from 0.07 to 0.23 m while the BIAS 
alue varies from 0.01 to 0.1 m with maximum discrepancies 
bserved at Ras Tanura and Mina Sulman stations. However, 
he IOA between the simulated and observed water levels 
as significant with p-values less than 0.0001. The IOA val- 
es are found to be varied between 0.95—0.99 for all sta- 
ions. These statistical values reflect that the AG-Model is 
ble to reproduce the tidal levels in the Arabian Gulf region 
o a very good degree. 
Further validation of the AG-Model was carried out con- 

idering T/P altimetry data at 20 points selected within the 
ulf domain (see Figure 2 for their locations). In general, 
he predicted amplitudes and phases of semidiurnal and di- 
rnal tidal constituents are in very good agreement with the 
alues of T/P data ( Figure 4 a, b). 
In the second approach, harmonic analysis of the simu- 

ated and observed tidal data was performed to evaluate 
he discrepancies in terms of amplitude and phase of the 
ajor semidiurnal and diurnal astronomical components. An 
verview of the discrepancies at the stations of Jask Har- 
our, Qurayyah, Ras Tanura, and Marjan Island is presented 
n Table 4 . The last column in the table lists the signal-to- 
oise ratio ( SNR ). The results of the other stations are shown 
334 
n Appendix A. Statistical assessment of the discrepancies 
hich includes SD, UER, LER, and SVD of the residuals based 
n the Delft3D-TRIANA tool is presented in Table 5 . 
From Table 4 , the simulated and observed amplitudes 

rrors ( H C — H O ) of all components are found to be in
he range of a few centimetres, varying between -0.065 to 
.02 m in all stations. Maximum discrepancies are found for 
he M 2 tidal wave in the Marjan and Ras Tanura stations 
0.020 and -0.055) respectively and K 1 tidal wave (-0.065) 
n the Marjan station only. However, the Mina Sulman sta- 
ion having slightly the largest discrepancies as shown in 
ppendix A. Excluding this station, the results indicate that 
he tidal model (AG-Model) in terms of amplitudes of the 
ajor semidiurnal and diurnal tides is performing well. On 
he other hand, the amplitude ratio ( H c / H o ) for semidiur-
al tidal constituents is found to be 1 in all stations except 
he Marjan station, which is showing a slightly larger value, 
hile for diurnal constituents is ranged between 0.5 to 1. 
he phase errors ( G c — G o ) between the computed and ob- 
erved tidal constituents are observed to be satisfactorily in 
ll stations, with maximum phase errors observed at Ras Ta- 
ura station for S 2 . Statistical assessment in Table 5 shows 
hat the SD of the tidal analysis is close to zero. In terms
f LER and UER , they range from -0.13 to -0.09, and from
.03 to 0.16, respectively. The SVD , (which is a ratio for the
otal discrepancies of all constituents) is found to be 0.074, 
.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta- 
ura, and Marjan Island stations, respectively. These results 
ndicate that the tidal model (AG-Model) in terms of ampli- 
ude and phase is performing well. 

.2. Co-amplitude and co-phase charts analysis 

o generate co-tidal charts, the tidal components obtained 
rom the harmonic analysis of the AG-Model outcomes were 
sed. Three dominant tidal regimes have been identified in 
he AG, mainly the mixed, semidiurnal, and diurnal tides 
e.g., Akbari et al., 2016 ; Siddig et al., 2019 ). As mentioned
n the introduction that previous modelling studies consid- 
red only the four tidal components (M 2 , S 2 , P 1 , O 1 ) to show
o-amplitude and co-phase charts. In this study, the four 
ajor tidal constituents of each tidal regime (M 2 , N 2 , S 2 ,
 2 , K 1 , P 1 , O 1 , Q 1 ) dominate the region were considered
n the analysis to enhance our understanding and knowl- 
dge of the tidal hydrodynamics in the AG. The resulting 
o-amplitudes and co-phases were analysed and compared 
ith the previous modelling studies as well as the British 
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Table 4 Comparison between amplitudes and phases of computed and observed tidal components for Jask Harbour, Qurayyah Pier, Ras Tanura, and Marjan stations. 

Components Jask Habour Qurayyah Pier 

H o H c G o G c H c — H o G c — G o H c / H o SNR H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.681 0.666 155.7 156.9 0.015 1.2 1.02 6E + 04 0.08 0.095 252.5 195.0 0.011 -57.7 1.10 4E + 04 
S 2 0.265 0.259 185.0 187.9 0.006 3.0 1.02 8E + 03 0.02 0.024 309.9 238.0 0.002 -71.7 1.10 2E + 03 
N 2 0.166 0.166 140.9 139.7 0.000 -1.2 1.00 3E + 03 0.02 0.018 219.5 161.0 0.003 -58.4 1.20 1E + 03 
K 2 0.076 0.069 180.6 182.3 0.007 1.7 1.10 5E + 02 0.01 0.007 289.0 229.0 0.000 -60.4 1.00 2E + 02 
K 1 0.395 0.397 338.4 339.8 -0.002 1.4 1.00 9E + 03 0.03 0.017 110.3 48.5 -0.008 -61.8 0.70 2E + 03 
O 1 0.205 0.205 339.6 341.8 0.000 2.2 1.00 3E + 03 0.02 0.014 24.5 348.0 -0.003 -36.9 0.80 1E + 03 
P 1 0.117 0.122 335.2 338.5 -0.005 3.3 0.96 1E + 03 0.01 0.003 83.5 13.6 -0.003 -69.9 0.50 8E + 01 
Q 1 0.044 0.045 345.4 344.5 -0.001 -0.9 0.97 1E + 02 0.00 0.002 6.6 309.0 0.000 -57.6 1.00 2E + 01 

Components Ras Tanura Marjan 

H o H c G o G c H c — H o G c — G o H c / H o SNR H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.613 0.558 128.9 63.0 -0.055 -65.9 0.91 6E + 04 0.056 0.076 262.8 204.0 0.020 -59.0 1.36 4E + 03 
S 2 0.216 0.179 185.2 111.8 -0.037 -73.4 0.82 8E + 03 0.031 0.035 216.8 165.0 0.004 -51.7 1.14 1E + 03 
N 2 0.125 0.118 98.8 30.1 -0.007 -68.7 0.94 3E + 03 0.015 0.018 155.7 92.0 0.004 -64.2 1.25 3E + 02 
K 2 0.080 0.075 177.2 104.4 -0.005 -72.9 0.90 5E + 02 0.008 0.010 17.5 324.0 0.003 -53.5 1.25 6E + 01 
K 1 0.147 0.120 339.1 298.2 -0.027 -40.9 0.81 9E + 03 0.312 0.248 97.2 67.0 -0.065 -29.9 0.80 3E + 03 
O 1 0.116 0.104 281.2 254.4 -0.012 -26.8 0.90 3E + 03 0.193 0.169 137.1 119.0 -0.024 -18.3 0.90 1E + 03 
P 1 0.045 0.032 328.4 283.0 -0.013 -45.4 0.70 1E + 03 0.097 0.072 101.8 70.0 -0.025 -31.6 0.74 3E + 02 
Q 1 0.020 0.020 269.8 230.1 0.000 -39.7 0.98 1E + 02 0.033 0.030 23.3 0.3 -0.003 -23.0 0.91 3E + 01 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c - H o : amplitude difference, G c - G o : Phase 
difference, H c / H o : Amplitude ratio, SNR : signal-to-noise ratio. 
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Figure 4 Comparisons of tidal (a) amplitudes and (b) phases between the AG-Model and T/P data. 

Table 5 Statistical Assessment obtained from Delft3D-TRIANA. 

Parameters Station ID 

Jask Harbour Qurayyah Pier Ras Tanura Marjan Island 

SD 0.008 0.029 0.047 0.030 
LER -0.027 -0.090 -0.130 -0.103 
UER 0.032 0.092 0.165 0.091 
SVD 0.074 0.269 1.397 0.741 

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector 
differences. 
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dmiralty ( Admiralty, 2012 ) co-charts especially, the M 2 , S 2 , 
 1, and O 1 tidal constituents. 

.2.1. Semidiurnal constituents 
o-amplitudes and co-phases of the major semidiurnal con- 
tituents (M 2 , S 2 , N 2, K 2 ) are displayed in Figure 5a—d , re-
pectively. In general, the amplitudes of M 2 , S 2 , N 2, and K 2 
idal waves have the same performance in the AG basin. The 
ominant pattern of these tidal waves is the generation of 
wo anticlockwise amphidromic points, one is in the north- 
estern part, and one is in the southern end of the basin 
entred around 28.25 ° and 24.5 °N, respectively. 
The M 2 tidal wave represents the largest among other 

onstituents with a maximum amplitude of 0.9 m. The am- 
litude of S 2 tidal wave is low and represents almost 30% of 
he M 2 , while N 2 and K 2 tides are relatively smaller in ampli- 
udes compared to the S 2 tide. As can be seen from the fig- 
re that the semidiurnal M 2 , S 2 , N 2, and K 2 tidal waves have
mplification in tidal height at several locations inside the 
G basin ( Figure 5 ). These locations are, the northern end 
f the Gulf (near Kuwait, Iraqi coast, and the northern coast 
f Iran), the middle part of the basin, mainly on the eastern 
oast (Iran) and on the Saudi coast, the northern Bahrain, 
he southwestern end of the basin and the Strait of Hor- 
uz. On the other hand, the co-amplitude chart shows low 

mplitudes at the southeast coast of Iran, the UAE coast, 
he eastern coast of Qatar, the south of Bahrain, the Saudi 
336 
oast, mainly in the vicinity of the Ras Tanura, Qurayyah 
ier, and Mina Sulman stations. Figure 5 also shows the cal- 
ulated phases for the major semidiurnal tidal constituents 
n the AG. In general, the tidal amplitudes and phases are in 
ood agreement with the co-amplitude and co-phase lines 
f the British Admiralty charts ( Admiralty, 2012 ). 

.2.2. Diurnal constituents 
o-amplitudes and co-phases of the major diurnal con- 
tituents (K 1 , P 1 , O 1 , Q 1 ) are shown respectively in
igure 6 a—d, respectively. The major feature of these tidal 
aves is the generation of a single amphidromic point in 
he central portion of the AG centred around 26.8 °N (North 
ahrain). In general, the diurnal constituents show amplifi- 
ation in tidal amplitude at several different locations, with 
 minimum value in the central part where a virtual am- 
hidromic system is developed. 
The diurnal component K 1 represents the largest among 

ther constituents with a maximum amplitude of 0.42 m. 
he amplitude of O 1 tidal wave is about 50% lower than 
he K 1 tide, while P 1 and Q 1 tides are smaller in amplitudes 
ompared to the O 1 tide. Maximum computed amplitudes 
or P 1 and Q 1 are respectively 0.1 and 0.04 m ( Figure 6
, d). The K 1, P 1 , O 1, and Q 1 tidal waves have amplifica-
ion in tidal height toward the head of the Gulf (Kuwait, 
raqi coasts, and northern coast of Iran), and the south- 
astern coast of Qatar, the southern Emirate coast, and 
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Figure 5 Co-amplitudes (red solid-lines) and co-phases (green dashed-lines) of major semidiurnal components (M 2 , S 2 , N 2 , K 2 ). 
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he Gulf of Oman including the strait of Hormuz ( Figure 6 ). 
he patterns observed along the southern Emirate coast are 
onsistent with the tidal values reported in the coastal stud- 
es by Balaji (2012) and Mohamed and El-Dahshan (2002) , 
owever, they were not shown in the previous modelling 
tudies. On the other hand, low amplitudes were observed 
t the south of Bahrain, the Saudi coast (mainly in the vicin- 
ty of Qurayyah Pier and Mina Sulman stations), the UAE 
oast, the south-western coast of Qatar. The computed am- 
litudes and phases are in good agreement with the British 
dmiralty Charts ( Admiralty, 2012 ). 
The above basic tidal patterns, in general, are consistent 

ith all previous modelling studies and the British Admiralty 
harts ( Admiralty, 2012 ); however, the position of the am- 
hidromic points especially for semidiurnal constituents as 
ell as locations of high/low amplitudes are slightly differ- 
nt when comparing with some previous modelling studies 
ut comparable to the latter. The Admiralty (2012) charts, 
ardner et al. (1988 , 1982 ), Trepka (1968) , Najafi and 
oye (1997) , and our model results show that the position of 
he amphidromic systems produced by (M 2 , S 2 ) tidal waves is 
lose to the western coast, unlike few studies that showed 
ositions that are mostly near the centre of the basin. How- 
ver, Lardner et al. (1982) produced the co-chart for M 2 
337 
ith under- overestimation in some areas and later pro- 
uced the amplitudes and phases of M 2 and K 1 tidal waves 
ith also underestimations of amplitudes due to the coarse 
rid model used along the coastline (20 km) ( Lardner et al., 
988 ). Moreover, Trepka (1968) found that the amplitude er- 
or of S 2 , K 1, and O 1 tidal constituents was large. He recom-
ended using a finer grid resolution and more than 7 tidal 
onstituents along the open boundary to get the prediction 
f the minor tides. Najafi and Noye (1997) also modelled the 
G tides using Cartesian coordinates to produce the M 2 , S 2 , 
 1, and O 1 tidal charts and found that the predicted phases 
ere not well reproduced by the model. 

.3. Sensitivity analysis for the number of tidal 
onstituents at the open boundary 

o test the accuracy of the numerical model in representa- 
ion of the tidal conditions in the Gulf region, three differ- 
nt scenarios were carried out considering different num- 
er of tidal constituents along the open boundary. In the 
rst scenario (SN-1), the model was run using only the four 
idal constituents (M 2 , S 2, K 1 , O 1 ) at the open sea bound-
ry. In the second scenario (SN-2), the model was driven 
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Figure 6 Co-Amplitudes (red solid-lines) and co-phases (green dashed-lines) of major diurnal components (K 1 , P 1 , O 1 , Q 1 ). 
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y the major eight semidiurnal (M 2 , N 2 , S 2 , K 2 ) and diur-
al tidal components (K 1 , O 1 , P 1 , Q 1 ). In the third scenario
SN-3), the same as the second one but with additional five 
idal constituents (M f , M m 

, M 4 , MS 4, MN 4 ). Figure 7 shows
n example of the model predictions of the three scenarios 
gainst the observations at two coastal stations (Ras Tanura 
nd Mina Sulman), while Table 6 lists the statistical assess- 
ent for all stations considered in the analysis. The initial 
imulation (SN-1) shows that the AG-Model produces similar 
idal elevations to the observed ones, however the discrep- 
ncies are large at the coastal areas, where the RMSE varies 
etween 0.12 to 0.28 m. The simulation of the SN-2 shows 
light improvements in tidal amplitudes compared with the 
N-1. The RMS error ranges from 0.07 to 0.25 m with maxi- 
um discrepancies found at the coastal stations (Ras Tanura 
nd Mina Sulman). The tidal predictions of the last scenario 
SN-3) confirms that the AG-Model produces better results 
ompared to the two previous scenarios (SN-1 and SN-2), 
specially at the coastal stations, where the discrepancies 
re less than 0.24 m ( Figure 7 and Table 6 ). 
The statistical assessment in Tables 3 and 5 also confirms 

he model ability to reproduce the tidal regimes in the Gulf 
ccurately. This indicates that using 13 tidal constituents 
long the open boundary is very important in simulating the 
338 
idal conditions in the AG region. Such tidal constituents 
re necessary to be incorporated to reproduce the regional 
ropagation of tidal waves ( Quaresma and Pichon, 2013 ), 
hus, they can interact nonlinearly. The AG-Model predic- 
ions based on using 13 tidal constituents along the open 
oundary conditions showed a very good agreement with 
he water level time series observations in the Gulf region 
 Figure 3 ). Maximum discrepancies in amplitudes are found 
n the range of 0.065 m at Marjan station only for K 1 , while
n average, the errors for all tidal constituents considered 
n the analysis are in the order of less than 0.02 m (4%)
 Table 4 and Appendix A). This error value is reflecting a very
ood performance of the AG-Model compared with the pre- 
ious modelling studies carried out in the Gulf, where min- 
mum discrepancies (on average 0.05 m, 10%) were found 
n the study by Pous et al. (2012) who used only 7 tidal
onstituents along the open boundary. On the other hand, 
he comparison of the tidal constituents between the AG- 
odel and T/P altimetry data showed a very good agree- 
ent ( Figure 4 ), indicating the effectiveness of the tidal 
onstituents prescribed along the open boundary in explain- 
ng the tidal conditions in the Gulf region. 

Although the AG-Model underestimates slightly the am- 
litudes of the tidal constituents, especially at Ras Tanura, 



Oceanologia 64 (2022) 327—345 

Figure 7 Comparisons between tidal predictions and observations at (a) Ras Tanura and (b) Mina Sulman stations considering a 
different number of tidal constituents at the open boundary. 

Table 6 Statistical analysis for the number of tidal con- 
stituents at the open boundary. 

Station ID Scenarios RMSE (m) 

Arabiyah 
Island 

SN-1: 4TC 0.15 
SN-2: 8TC 0.14 
SN-3: 13TC 0.13 

Jubail SN-1: 4TC 0.16 
SN-2: 8TC 0.15 
SN-3: 13TC 0.14 

Marjan 
Island 

SN-1: 4TC 0.12 
SN-2: 8TC 0.13 
SN-3: 13TC 0.12 

Qurayyah 
Pier 

SN-1: 4TC 0.08 
SN-2: 8TC 0.07 
SN-3: 13TC 0.04 

Ras 
Tanura 

SN-1: 4TC 0.26 
SN-2: 8TC 0.23 
SN-3: 13TC 0.22 

Mina 
Sulman 

SN-1: 4TC 0.28 
SN-2: 8TC 0.25 
SN-3: 13TC 0.23 

Jask 
Harbour 

SN-1: 4TC 0.17 
SN-2: 8TC 0.08 
SN-3: 13TC 0.07 

Note: The TC represents tidal constituents, RMSE represents 
Root mean square difference. SN-1: [M 2 , S 2 , K 1 , O 1 ]; SN-2: 
[M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , Q 1 ]; SN-3: [M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , 
P 1 , Q 1 , M f , M m 

, M 4 , MS 4, MN 4 ] 
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ina Sulman stations (the western coast) as shown from the 
tatistical analysis ( Section 2.3 ), the model captures all re- 
ions of high and low amplitudes accurately ( Figure 5 , 6 ) 
dentical to the British Admiralty Charts ( Admiralty, 2012 ). 
owever, the coastal areas of Ras Tanura and Mina Sulman 
339 
tations are shallow and complex due to coastal construc- 
ures, indicating that the grid resolution along these sta- 
ions is inadequate to resolve the tidal amplitudes accu- 
ately. These results may be improved by applying a nesting 
pproach as explained by Spall and Holland (1991) , consid- 
ring parent and child grids with changing grid spacings, in 
hich the child grid has a finer resolution in areas of ques- 
ion. In this approach, the data is exchanged between the 
oarse parent grid and the finer child grid, allowing the child 
odel to resolve better the tidal hydrodynamic patterns in 
uch complex regions, as applied in several regional ocean 
odelling (e.g., Barth et al., 2005 ; Debreu et al., 2012 ; 
ason et al., 2010 ). In this frame, the numerical model re- 
iability would be enhanced, thus, the AG-Model can be ap- 
lied as a regional model. 

.3. Form factor analysis 

o find out the relative importance of the semidiurnal and 
iurnal tidal components in the AG, the form factor ( FF ) is
alculated based on ( Pugh, 2004 ): 

 F = 

O 1 + K 1 

M 2 + S 2 

here O 1 , K 1 , M 2, and S 2 are the elevation amplitudes of the
ndicated components. To classify, if FF < 0.25 the tide is 
emidiurnal; if FF is between 0.25 and 1.5, the tide is mixed 
emidiurnal; if FF is between 1.5 and 3, the tide is mixed di-
rnal, and when FF > 3, the tide is diurnal. Figure 8 shows
he spatial distribution of the FF in the AG basin. As can be
bserved that the AG-Model reproduces the tidal types ob- 
erved in the region accurately, where the tidal type varies 
ccording to the location. The relative importance is clear 
n the northern and southern portions of the AG where an- 
iclockwise amphidromic points are developed, and it is not 
onstant in the whole AG. Thus, the diurnal tide is greater 
n the northern and southern parts of the AG, showing mixed 
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Figure 8 Distribution of form factor based on the model results. 

Table 7 Comparison between amplitudes and phases of computed and observed tidal components of East velocities (m s −1 ) 
at the Strait of Hormuz for the year 1997. 

Components H o H c G o G c H c — H o G c — G o H c / H o 

M 2 0.208 0.249 35.4 42.0 0.041 6.7 1.1 
S 2 0.085 0.096 69.3 74.1 0.011 4.8 1.1 
N 2 0.053 0.059 18.2 24.6 0.006 6.4 1.1 
K 1 0.236 0.228 204.6 213.8 -0.008 9.1 0.9 
O 1 0.091 0.107 177.5 202.0 0.016 24.6 1.1 
P 1 0.072 0.063 185.9 210.5 -0.009 24.6 0.9 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio. 
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ature dominant with semidiurnal and diurnal components 
n the eastern coast and the western coast respectively. The 
gure reveals that the diurnal nature (orange) dominates in 
he northern part of the AG, at around 28 °N; while the sur- 
ounding is dominated by the mixed tides, mainly diurnal 
green) and semidiurnal (blue). Similar characteristics are 
bserved in the southwestern part of the basin, at approx- 
mately 24.5 °N, while the central part of the AG and the 
trait of Hormuz are dominated by semidiurnal components 
purple). These results agree with the previous studies in 
he region (e.g., Akbari et al., 2016 ; Siddig et al., 2019 ). 

.4. Tidal currents 

o evaluate the simulation results in terms of U and V com- 
onents, barotropic tidal currents based on ADCP observa- 
ions reported in Johns et al. (2003) for the year 1997 at 
ne station located in the Strait of Hormuz were consid- 
red. Table 7 , 8 list the comparisons between amplitudes 
nd phases of observed and simulated tidal constituents of 
ast and north velocities, while Table 9 shows the statis- 
ical assessment. The comparison indicates that the simu- 
ated and observed amplitude errors ( H C — H O ) of M 2 , N 2 , S 2 ,
 1 , P 1, and O 1 are found to be in the range of a few m s −1 ,
arying between -0.01 to 0.041 m s −1 for east and north ve- 
340 
ocity components. The maximum discrepancies are found 
or M 2 tidal velocity with 0.041 and 0.024 m s −1 for U and
 respectively, while minimum errors are observed for P 1 . 
n the other hand, the phase errors ( G c — G o ) between the
omputed and observed U and V components are found to 
e reasonable, with maximum phase errors of 32.9 and 32.3 
egrees for the north velocity of O 1 and P 1 respectively. To 
btain an evaluation of the model performance regarding 
orizontal and/or vertical tide, the deviations in terms of 
mplitude ratio and phase errors were considered. The typ- 
cal value of phase error is 0 and the amplitude ratio is 1
 Deltares, 2011 ). It was observed that the amplitude ratio 
 H c / H o ) is approximately close to 1 for all components of
 and V tide, and the phase errors ( G c — G o ) are found to be
ess than 33 degrees. Statistical assessment in Table 9 shows 
hat the SD of the tidal analysis is 0.01, while the SVD is less
han 0.2. These results indicate that the tidal model (AG- 
odel) in terms of east and north velocities is performing 
ell. 
To study the tidal currents in the AG, the simulated 

ide-induced currents from the numerical model are anal- 
sed. The simulation results are analysed under flood and 
bb conditions during the spring tide. The simulated tide- 
nduced current patterns during flood and ebb are shown in 
igure 9 a,b. The tidal currents in general are changing 
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Figure 9 Depth averaged velocity during (a) flood (20:00:00 hr) and (b) ebb (04:00:00 hr) conditions. 
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ased on the basin geometry and ocean currents of flood 
nd ebb tides. The simulation results reveal that the cur- 
ent magnitude of 0.25—0.5 m s −1 is dominated in the AG. 
he highest velocities during flood tide were observed in 
he Strait of Hormuz, in the vicinity of the northern part, 
n the vicinity of Bahrain and western coast of Qatar, and 
n the shallow coastal areas along UAE. The maximum cur- 
341 
ent velocities extend up to 0.86 m s −1 in the vicinity of 
he Strait of Hormuz and the head of the Gulf. The sim- 
lation results are comparable with the tidal simulations 
f Najafi and Noye, (1997) and the more recent modelling 
tudy of Mehri et al. (2021) . 
The simulation results suggest an intensification of cur- 

ents along the north-western coast (Saudi coast) directed 
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Table 8 Comparison between amplitudes and phases of computed and observed tidal components of North velocities (m s −1 ) 
at the Strait of Hormuz for the year 1997. 

Components H o H c G o G c H c — H o G c — G o H c / H o 

M 2 0.152 0.176 34.9 49.7 0.024 14.8 1.1 
S 2 0.062 0.068 69.7 81.1 0.007 11.4 1.1 
N 2 0.038 0.042 18.2 32.2 0.004 14.0 1.0 
K 1 0.171 0.163 204.6 221.9 -0.008 17.3 0.9 
O 1 0.062 0.075 177.5 210.4 0.013 32.9 1.2 
P 1 0.055 0.045 185.8 218.1 -0.010 32.3 0.8 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio. 

Table 9 Statistical assessment obtained from Delft3D-TRIANA. 

Parameters East velocities at Strait of Hormuz North velocities at Strait of Hormuz 

SD 0.01 0.01 
LER -0.04 -0.03 
UER 0.04 0.03 
SVD 0.18 0.19 

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector 
differences. 
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outhward, and along the UAE shallow areas directed north- 
ard and eastward. On the other hand, maximum currents 
agnitude during ebb tide (0.25 m s −1 ) is also detected in 
he Strait of Hormuz, and along the UAE shallow coastal 
aters (0.4 m s −1 ). The simulation results reveal that the 
irection of tidal currents contains some variability. In the 
orthern and central part, the tidal currents are directed 
outhward, however, in the Strait of Hormuz and the south- 
rn part, it is opposite, causing a deviation to the tidal cur- 
ents towards the south-western coast. 

. Conclusion 

he current study is concerned with the simulation of tidal 
ydrodynamics in the AG using a vertically 2-D hydrody- 
amic model based on the Delft3D modelling system. The 
odel is a barotropic solution forced by 13 tidal compo- 
ents at the open boundaries in the eastern Gulf of Oman 
58 °E). The model results were validated against the avail- 
ble water level observations at 7 locations, and data from 

/P, where statistical analyses in terms of BIAS, RMSD, IOA, 
D, and SVD parameters were considered to evaluate the 
umerical model. Using 13 tidal constituents along the open 
oundary indeed provided very good results (error 4%) com- 
ared with the previous modelling studies carried out in 
he Gulf, which considered only a limited number of tidal 
onstituents to drive the models, indicating that nonlin- 
ar interactions cannot be ignored. Sensitivity analysis also 
howed that the model prediction based on 13 tidal con- 
tituents produces much better results than the model pre- 
iction using 4/8 tidal components at the open sea bound- 
ry. The analysis showed that the BIAS value varies from 

.01 to 0.1 m while, RMS error was found to be ranged from 

.07 to 0.23 m, with maximum discrepancies observed at 
342 
as Tanura and Mina Sulman stations. These two stations 
re mainly located at marine platforms/constructions, and 
haracterised by complex bathymetry, therefore, a small- 
cale high-resolution ‘child’ model coupled with a coarse- 
cale ‘parent’ model applying the nesting approach would 
mprove the accuracy of predictions in such areas, as shown 
n different studies (e.g., Barth et al., 2005 ; Debreu et al., 
012 ). However, the IOA was found to be significant with 
-values less than 0.0001. The IOA values are found to be 
ver 0.95 for all stations, except the Qurayyah Pier station, 
ith a value of 0.83 ( Table 3 ). The SD of the tidal analysis
s found close to zero, while the SVD is found to be 0.074,
.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta- 
ura, and Marjan Island stations respectively ( Table 5 ). On 
he other hand, the amplitude ratio ( H c /H o ) for semidiurnal 
idal constituents and diurnal constituents is found close to 
, while the phase error ( G c — G o ) is observed to be sat-
sfactorily in all stations. Based on the statistical evalua- 
ion, the simulation results were analysed to generate co- 
idal charts. The results showed that the semidiurnal tides 
enerate two amphidromic points located in the northern 
nd southern parts, around 28.25 ° and 24.5 °N respectively, 
hile diurnal tides generate a single amphidromic system 

ocated in the central part around 26.8 °N. 
The hydrodynamic model was also validated in terms of 

 and V velocity components in the Strait of Hormuz with a 
revious study by Johns et al. (2003) . The amplitude ratio 
 H c / H o ) is found to be close to 1 for all components of U
nd V tide, and the phase error ( G c — G o ) is found to be less
han 33 degrees. The simulation showed that the highest ve- 
ocities occur in the Strait of Hormuz, in the vicinity of the 
orthern part, in the vicinity of Bahrain and western coast of 
atar, and in the shallow coastal areas along UAE. The simu- 
ation also suggests an intensification of tidal currents along 
he north-western coast (Saudi coast) during flood condition 



Oceanologia 64 (2022) 327—345 

a
s
m
t
A
t
g
i
t

A

T
A
s

f
A
1
t
t
t
d

A

T

nd the eastern coast of Iran during ebb condition directed 
outhward. In summary, although the AG-Model underesti- 
ates slightly high/low waters, the analysis indicates that 
he model can reproduce the tidal surface elevations in the 
G region with very good accuracy. In the next step, the 2-D 

idal model will be extended into a 3-D approach to investi- 
ate the relevant forcing mechanisms that play a major role 
n the circulation of the AG, including wind conditions and 
hermohaline fluxes. 
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ppendix 

able 1a , 2a , 3a and 4a . 
ted and observed tidal components at Jubail station. 

H c — H o G c — G o H c / H o SNR 

-0.042 93 .5 0.9 1E + 03 
-0.040 63 .1 0.8 1.9E + 02 
0.004 -86 .6 1.0 2.8E + 01 
0.039 -61 .8 2.6 7.2E-03 
-0.042 -20 .2 0.7 1.9E + 02 
-0.024 -0 .7 0.8 2.1E + 02 
-0.006 -2 .6 0.9 3.8E + 00 
0.002 -43 .6 1.1 2.3E + 00 

mplitude of simulated tide, G c : phase of the simulated tide, H c 
tude ratio, SNR : signal-to-noise ratio. 

ed and observed tidal components at Arabiyah Island station. 

H c — H o G c — G o H c / H o SNR 

-0.029 -43.4 0.9 2.5E + 03 
-0.020 -47.2 0.8 2.6E + 02 
-0.001 -46.7 1.0 8.4E + 01 
-0.001 -49.1 1.0 3.2E + 01 
-0.039 -29.5 0.8 1.8E + 03 
-0.016 -17.6 0.9 6.5E + 02 
-0.017 -31.0 0.7 1.8E + 02 
-0.001 -27.4 1.0 2.1E + 01 

mplitude of simulated tide, G c : phase of the simulated tide, H c 
tude ratio, SNR : signal-to-noise ratio. 

http://hpc.kau.edu.sa
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Table 3a Comparison between amplitudes and phases of computed and observed tidal components at Mina Sulman station. 

Components H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.710 0.550 319.3 330.7 -0.160 11.4 0.8 5.4E + 03 
S 2 0.208 0.165 97.0 92.9 -0.042 -4.1 0.8 3.7E + 02 
N 2 0.156 0.125 6.5 17.4 -0.031 10.8 0.8 2.7E + 02 
K 2 0.081 0.050 252.7 249.2 -0.031 -3.5 0.6 9.5E + 01 
K 1 0.098 0.082 156.6 152.2 -0.016 -4.4 0.8 3.2E + 02 
O 1 0.065 0.056 16.4 32.2 -0.008 15.8 0.9 1.3E + 02 
P 1 0.036 0.022 166.1 155.2 -0.014 -10.8 0.6 4.3E + 01 
Q 1 0.009 0.010 60.4 79.9 0.001 19.5 1.0 2.9E + 00 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio, SNR : signal-to-noise ratio. 

Table 4a Statistical assessment obtained from Delft3D-TRIANA. 

Parameters Station ID 

Jubail Mina Sulman Arabiyah Island 

SD 0.040 0.049 0.028 
LER -0.143 -0.208 -0.099 
UER 0.119 0.127 0.085 
SVD 1.092 1.563 1.078 

SD : Standard deviation of tidal Analysis; LER : Lower extreme for residuals; UER : Upper extreme for residuals; SVD : Summed vector 
differences. 
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