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Offshore oil terminals are a cheaper and safer solution than conventional shore terminals for 
unloading and loading tankers. There are several types of offshore terminals, including 
Catenary Anchor Leg Mooring (CALM) and Single Anchor Leg Mooring (SALM). Product 
transfer systems, including floating and underwater pipes, are the most important 
components of these terminals. The present study aims to compare the dynamic response of 
a product transfer system in these two models of offshore oil terminals. To obtain structural 
responses, including forces created in floating and underwater pipes, a simulation in 
Orcaflex software is used considering wind, current, and wave forces in different sea states. 
The curvature and tension in the pipes are considered a criterion for evaluating the failure 
modes. The results show that under operating conditions, the curvature and effective tension 
of the pipes in the SALM terminal are 5% and 93% lower than those in similar operating 
and environmental conditions in the CALM terminal, respectively. As the environmental 
conditions increase up to Sea State 8, when the tanker is not connected to the terminal, the 
SALM terminal pipes will have more structural stability and usability, while the CALM 
terminal pipes will only have stability up to Sea State 6. The tensions generated in the 
pipeline end manifold (PLEM) of the SALM terminal are also lower than those in the CALM 
terminal. It is also observed that the critical point for the CALM terminal pipes is the 
connection point to the terminal buoy, while it is the connection point to the seabed for 
SALM terminal pipes, which should be considered in designing a product transfer system 
for this type of terminals. 

Keywords: 
Offshore oil terminal 
CALM 
SALM 
dynamic analysis  
Flexible pipeline  

1. Introduction
One of the most important components of the
production and supply chain of hydrocarbon products
in the oil industry is the transfer of these products. This
type of transfer is generally performed by two pipelines 
to the consumption points, as well as by oil terminals
and loading tankers (Shuttle Tankers). Oil terminals are
also divided into shore and offshore groups[1]. In shore 
oil terminals, the tanker must be moored at the shore
for loading and unloading operations. However, in
offshore terminals, petroleum products are transported
to a safe area far from the shore using pipelines, and
after transferring these products to offshore terminals,
the tanker is loaded. So, this system does not need
complex mooring compared to the shore terminals.
Therefore, the tendency has increased towards the use
of offshore terminals due to the high costs of the
construction and maintenance of shore terminals,

including dredging operations, on the one hand and the 
risks of unloading and loading operations (due to the 
possibility of the proximity of these terminals with 
industrial centers or some residential on the beach) on 
the other hand. The use of offshore terminals with the 
possibility of unloading and loading oil tanker in places 
far from the shore and close to the oil field will reduce 
the cost of piping at sea over long distances. It  will also 
be safer as the high-risk operations of transporting 
petroleum products to tankers are transferred to points 
far from the shoreline, residential areas, and facilities 
located on the shore. 
Offshore oil terminals are divided into different types 
according to how the tanker is controlled and how 
petroleum products are transferred, so choosing the 
best option for these types of oil terminals should be 
commensurate with the water depth, tanker dimensions 
and tonnage, the product to be transferred, dynamic 

http://www.ijcoe.org/
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interaction behavior of buoy and tanker, and other 
operational considerations. This paper investigates two 
common types of these terminals, including CALM and 
SALM. One of the most important parts of these 
terminals is the transmission system, which is 
responsible for transporting the product from the 
seabed to the tanker and must be designed in such a way 
that the transfer is provided safely and in accordance 
with the rule. Therefore, recognizing the effective 
parameters and examining the intensity of their impact 
on the transmission system is of particular importance 
in the study and design of these two common offshore 
terminals. Investigating and comparing the structural 
response of product transfer systems in these terminals 
is one of the most important criteria for selecting the 
appropriate type of oil terminal. 
Several research studies have been done to investigate 
the product transfer system in oil terminals. The first 
flexible pipes (Known as hoses) for oil terminal were 
used in Libya in 1969. Accordingly, researchers began 
to study the behavior of hose systems. The hose of 
CALM oil terminals was studied by Ziccardi [2]. In this 
study, two riser configuration models including 
Chinese lantern and Lazy-S configuration were 
investigated. Brady and et al. examined the forces 
generated in the hoses using a statistical method that 
led to the further study of the hoses connected to the 
CALM terminal in the following years [3]. In 2013, 
Eiken addressed different configurations of underwater 
cravings (Lazy-S and free-hanging) with different 
diameters and showed what criteria and challenges 
should be met in designing these structures [4]. Qi and 
et al.  examined the skirt (bottom of the terminal) of a 
CALM structure and performed a feasibility study on a 
riser with a Chinese lantern configuration. They 
showed that by increasing the diameter of this body, the 
mass was increased in the direction of heave and roll, 
which reduced the displacement of the structure in the 
heave direction. The feasibility of using this type of 
riser configuration for specific areas of the installation 
of this terminal has also been subject to studies[5]. 
Amaechi and et al. explored the resistance of a CALM 
riser with a Chinese lantern configuration connected to 
a tanker under different environmental conditions. In 
this study, Ansys Aqwa software was used for the  

hydrodynamic analysis of the CALM buoy, and 
Orcaflex software was used for the analysis of the riser. 
The study aimed to determine the effect of flow angle 
parameters on the behavior of the riser structures, such 
as curvature, effective tension, and bending 
moment[6]. The interaction between the mooring 
system and the riser in vessels is an important 
parameter that has been subject to extensive research in 
recent years[7]–[9]. Karegar explored different types of 
flexible riser configurations for shallow water. 
Dynamic modeling and analysis were performed using 
the OrcaFlex software package to obtain the structural 

responses The paper enumerates the main challenges 
for shallow water with harsh environments for flexible 
ridges, including MBR, large vessel offset, clearance, 
and Marin growth [10]. In 2014, Pecher examined two 
types of mooring system configurations, including 
CALM and SALM connected to a wave energy 
converter and studied the effect of stiffness and size of 
mooring lines on the displacement of the structure, as 
well as the effect on the tension of these mooring lines 
[11]. 
According to previous studies, the amount of tension 
and bending force in these systems is one of the most 
important criteria for examining and comparing 
different cases. Since the main component of oil 
terminals is the product transfer system, the 
comparison of these systems helps in choosing the right 
oil terminal. This study models the floating and 
underwater hoses of two terminals including the 
CALM and SALM with relevant specifications under 
the environmental conditions of the Persian Gulf and 
compares their responses. Also, to check the stability 
of these systems, they are examined with increasing 
environmental conditions when the tanker is not 
connected. Also, according to previous studies, the 
product transfer system of these terminals has not been 
examined for general analysis under real operating 
conditions. 

1.1 Transfer product system in CALM and SALM 
oil terminals 
One of the most common types of offshore terminals is 
the CALM structure, which consists of a cylindrical 
body connected to the seabed by 4 to 6 mooring lines. 
This buoy consists of two parts, an upper and a lower 
part. The lower part is in the water. The buoyancy of 
the buoy is created by the buoyant force on this part, 
which is restrained to the seabed by a mooring line. The 
upper part of the buoy is connected to the lower part by 
a bearing system, which allows 360-degree rotation. 
The tanker is connected to the top of the buoy with a 
hawser, which allows the tanker to rotate. This type of 
terminal whose application dates back to 1959 is the 
most commonly used system for the transfer of oil 
products compared to other offshore terminals. 
According to Figure 1, to transfer the product from the 
seabed to the tankers in this system, the products are 
first transferred to a buoy by underwater pipes. Then, 
floating pipes are used to transfer them to the tanker. 
The underwater pipes in this type of terminal are the 
boundary between PLEM on the seabed and the hang-
off point in the buoy, which are divided into three 
configurations, including a Chinese lantern, lazy S, and 
steep S. In these configurations, buoyancy modules are 
used to gain the appropriate shape. The floating pipes 
are connected to the underwater pipes using a SWIVEL 
system located in the buoy. The SWIVEL system 
allows these pipes to rotate relative to each other. 
Before unloading and loading, the floating pipes are 
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afloat on the surface of the water, but then after the 
tanker is moored, the end of these pipes is connected to 
the tanker manifold by a crane. The floating pipes and 
underwater pipes are made of smaller parts, which are 
usually made in lengths of 9.1 meters, 10.7 meters, and 
12.2 meters. So, these smaller parts are connected to 
each other to get the required length. 
The SALM structure is connected to the seabed only by 
one mooring line as shown in Figure 1. Due to the 
universal connections in the mooring line of this 
structure, the tanker can rotate 360 degrees around this 
buoy. When the hawser (the connection cable between 
the tanker and the buoy) is under high stress, the buoy 
can go underwater or when it hits the tanker, it can go 
under the tanker without any problem. One or two 

hawsers are used to connect the tanker to the terminal, 
and unlike the previous structure in which petroleum 
products are transported from the seabed first to the 
terminal and then to the tanker, in this case, the 
products are directly transferred from the seabed to the 
tanker. One of the most important components of this 
structure is the swivel system located on the seabed. 
Due to the fact that the swivel system of the SALM 
terminal is located on the seabed, less force is applied 
to it than the swivel terminal CALM, which is located 
inside the buoy and on the surface of the water. The 
SALM terminal was first used in 1969 and is the second 
most used system after CALM in the transport of 
petroleum products from the seabed to tankers in 
offshore operations. 

(a) (b) 

Figure 1. A schematic view of the product transfer; 
(a): SALM terminal, (b): CALM Terminal 

1.2 Hose material 
Flexible pipes generally combine low bending 
stiffness with high axial stiffness, which is achieved 
by making the pipe in different layers. Flexible pipes 
are composed of different layers. Each of these layers 
is responsible for withstanding a specific force 
(tension, bending, torsion, etc.). The connection of 

these layers by a vulcanization process to form a single 
pipe is basically called a hose or bonded pipe and is 
used in oil terminals as shown in  
Fig. 2. The other alternative is the Unbonded pipe, 
which is used to transfer the product in structures such 
as FSU, FPSO, etc.
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Figure 2. Double carcass hose dimensions and main 
components. 

Hoses are essentially made in lengths of 9.1, 10.7, and 
12.2 meters, which should be connected to each other 
to achieve the required length. The two ends of a hose 
have a flange in that the different pipes are connected 
to each other by stud bolts and nuts. The innermost 
part of the pipe is made of NBR rubber, which is 
responsible for sealing and tightens the flanges to the 
pipe. Reinforcement is made of polyester and 
withstand the internal pressure of the pipe as well as 
excessive loads and stresses and are adjusted 
according to operating and environmental conditions. 
For better environmental conditions and better 
resistance to effective tension, high external pressure, 
or severe bending anchors, helix steel wire 
reinforcement is incorporated in the hose body 
structure. The carcass is an interconnected metal layer 
that provides resistance to pipe collapse. The double 
carcass is used for situations that require high burst 
resistance. Figure 3 shows a schematic view of this 
flexible pipe layer. 

2. Numerical modelling
To investigate the dynamic response of the product
transfer system in oil terminals under the operating
conditions of unloading and loading, as well as the
environmental conditions, the numerical model of the
terminal structure in interaction with the tanker was
used in Ansys Aqwa and OrcaFlex software packages.
The modeling process is presented in Figure 4.
According to this process, the geometry of the
terminal and the tanker connected to it should be first
simulated in Ansys Aqwa software and then, the
outputs should be fed into Orcaflex software to
analyze the interaction of the terminal and the tankers
in real operating conditions.

Figure 3. The designing process in the software. 

As shown in Figure 4, the inputs of Ansys Aqwa 
include water depth and the geometrical 
specifications, mass characteristics, and draft of the 
terminal and the tanker. The outputs include RAO, 
mass matrix, Hydrostatic stiffness matrix, Damping 
and QTF matrix in each vessel. These outputs are 
transferred to Orcaflex software. The structural 
responses of each structure are calculated by creating 
coupled models from each terminal as a connection to 
the tanker and according to the type of mooring system 
and environmental conditions. The equation of motion 
of each object on the horizontal plane is described in 
Equation 1. 

[ ]{ } [ ]{ } [ ]{ } ( ){ }M X C X K X F t+ + =   (1) 

 in which [M], [C] and [K] are the mass, damping, and 
stiffness matrices, respectively, {X} is the 
displacement vector, and F(t) is the force vector. The 
mass of the structure is assumed to be concentrated in 
any degree of freedom. The added mass due to the 
water surrounding the structural components is also 
considered to be Ma.  

2.1 Finite Element Model 
The finite element model in Orcaflex software [12] 
includes parameter modeling of pipe, mooring line, 
and vessel. OrcaFlex analyzes structures statically and 
dynamically including boundary conditions such as 
buoy, vessels, etc., and models the finite elements of 
lines. In this software, mooring lines and pipes are 
specified as lines. As shown in Figure 4 Orcaflex uses 
a finite element model for the lines. The lines are 
divided into a set of segments that are bounded by 
straight massless segments at each end of the node. 
The segment model only models the axial and 
torsional properties of the line. Other properties (mass, 
weight, buoyancy, etc.) are all focused on the nodes. 

OrcaFle
x 

Input: 
1. Geometry property 
2. Mass property 
3. Draft 

Output 
1. RAO’s
2.Added mass 
3. Hydrostatic 
stiffness

4. Damping 
5. QTF matrix

 Input: 
1. Environmental
condition 
2. Mooring line and Riser 
property 
3. Analysis time-series 
 

Output 
The hose analysis 
 

Software

Software
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Figure 4. The OrcaFlex line element. 

Models built in Orcaflex software for SALM and 
CALM are shown in Figure 5. 
3. Case Study
3.1 Buoys
Geometric characteristics and effective parameters
used in modeling the studied floating oil terminals

and tankers in this paper are presented in Tables 1 and 
2. The modeling process of these vessels, as shown in
the flowchart diagram of Figure 1, begins with the
mass, geometric and water characteristics of each
vessel in ANSYS AQWA software, and the results of
this analysis include the characteristics of static
response and the dynamics of floating structures that
are introduced in Orcaflex software as rigid body
characteristics with six degrees of freedom as a
terminal and tanker floating model. To compare the
effect of offshore terminal type on the response of
transport system structures, the paper calculates the
characteristics of the CALM structure according to the
actual sample of the terminal built in the Persian Gulf
and the characteristics of SALM structure according
to the structure built in the Gulf of Mexico for the
highest tonnage of the tanker connected to it. The
metacentric height is considered a criterion for
evaluating the stability of the modeled buoys. For all
these buoys, this parameter is greater than one, so both
terminals will be stable. The buoy of the CALM
terminal is composed of two components connected
by a joint so that if the tanker rotates, the upper part of
the terminal also rotates. A schematic view of the
buoys is shown in Figure 6.

(a) (b) 

Figure 5. Modeling oil terminals in Orcaflex software; (a): SALM system, (b): CALM system 
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Table1. Specifications the vessels modelled in the study. 

Parameters Unit CALM SALM Tanker 
Value 

Draft m 3.266 9 22.6 
Center of gravity (X-direction) m 0 0 170.18 
Center of gravity (Y-direction) m 0 0 0 
Center of gravity (Z-direction) m -0.766 6 17.3 
Moment of inertia(X-direction) 𝑘𝑘𝑘𝑘 · 𝑚𝑚2 4840000 6244000 8.260E+10 
Moment of inertia(X-direction) 𝑘𝑘𝑘𝑘 · 𝑚𝑚2 4840000 6244000 2.35E+12 
Moment of inertia(X-direction) 𝑘𝑘𝑘𝑘 · 𝑚𝑚2 9350000 2890000 2.35E+12 
Diameter m 12.5 6.4 
Diameter of skirt m 16.63 - 
Weight ton 289.98 400 
Height m 5.3 14 
Length between perpendicular, LBP [m] - 320 
Breadth molded, B [m] - 60 
Depth, D [m] - 30.5 
Windage area, AL (longitudinal),surge area [m2] 29.53 32 1155.25 
Windage area, AT (Transverse),sway area [m2] 29.53 32 3693.81 
Windage area, AT*LBP,yaw area [m3] 369.12 204.8 1.182E6 
Displacement [kg] - 3.6712E+08 

3.2 Mooring line 
To moor the buoy of the CALM terminal on the 
seabed, six moorings made of studless chains are 
modeled as linear elastics and their bending and 
torsional effects are assumed to be negligible. Each of 
these chains with a length of 380 meters is placed in a 
circular position on the periphery of the sea. The Cd 
and CM coefficients are considered constant for all 
mooring lines during analysis and the amount of 
pretension in each morning is equal. In the SALM 
terminal, a stud mooring is used to control the buoy. 
This type of structure also makes the buoy rotatable 
due to the type of chain connections, which is a 
universal connection. To simulate this feature in 
Orcaflex software for two ends of the mooring, one in 
the seabed and the other connected to the buoy, zero 
bending stiffness and torsion are considered which 
allows free rotation at both ends of the mooring. 
General specifications and parameters required for the 
modeling of the mooring are given in Table 2. 

Table 2. Specifications of the mooring line. 

Parameters Unit
Value 

CALM SALM 
Diameter mm 95 175 
Length m 380 38.8 
Weight  Kg/m 180 671 
Axial stiffness kN 712000 3093000 
Minimum breaking load kN 8180 25173 
Cd - 1.2 1.2 
CM - 1 1 

(a)  (b) 

Figure 6. The arrangement of the mooring line; (a): CALM 
system, (b):  SALM system 

In this study, to connect the tanker to the terminal, two 
hawsers have been used for each terminal buoy, which 
is nonlinearly modeled in Figure 7. The length of these 
hawsers is 60.96 m and their maximum allowable 
tension (MBL) is 5800 kN 

Figure 7. The non-linear axial stiffness in the hawser 
system. 
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3.3 Hose 
In the CALM terminal, underwater hoses are created 
in the Lazy S configuration, as shown in Figure 8. 
These hoses are 117.7 m long, which are created by 11 
parts of a 10.7 m hose section. The upper end of the 
pipe is fixed to the lower part of the buoy, and the 
lower end of the pipe is fixed to the seabed at a certain 
angle to the horizon. Bending stiffeners are used at 
both ends due to the high bending force that is created. 
Since both ends of each part have a flange made of 
steel, in models, both ends of the pipe section are 
assumed to be made of flanges made of steel according 
to the profile shown in Figure 4. To obtain the desired 
configuration shape, buoyancy modules are used 
along the length. The floating pipes in this terminal are 
modeled with 23 pipe sections with flanges at each 
end. One end of the pipe is connected to the tanker at 
a height of 15 m above the sea level, and the other end 
to the revolving part of the terminal (upper part of 
buoy). 

Figure 8. Submarine Hose Design Parameter. 

The boundary conditions for the pipes used in the 
SALM terminal are such that the end connected to the 
seabed must rotate freely and the other end is fixed 
connected to the tanker. The pipe used consists of two 
parts, floating and underwater, which are connected to 
each other, each with a length of 362 meters, creating 
an integrated pipe. A buoyancy module is used to 
create a proper riser configuration. The specifications 
required for the design of floating and submarine pipes 
for each terminal are given in Table 3. 

3.4 Loading 
The first step in the analysis and design process is to 
determine the load and forces on the structures under 
study. The forces acting on these structures include 
forces from waves, winds, and currents. The 
combination of these forces also has a significant 
impact on the total incoming forces. Due to the wave 
phenomenon, two important forces of drag and inertia 
are created on the structure so that all the forces 
created by the wave are the result of these two forces. 
The drag force of FD is affected by the velocity of the 
fluid, which depends on the shape and roughness of 
the body, the Reynolds number, and the intensity of 
the turbulence in the flow. The inertial force FI is 
caused by the acceleration of the fluid particles 
(water). Due to the windage surface of the upper part 
of the tanker, the wind force is of great importance. 
This force is due to the change in pressure created in 
the free wind flow and is a function of wind speed, 
direction, surface, and shape of structural members. 
The current force also increases the drag and lifts force 
in the submerged parts of the structures, which is able 
to change the wave height and period in interaction 
with the wave(DNV-RP-C205, 2010). 

Table 3. The physical and mechanical properties of the hose. 

ITEM 
Transfer system for CALM terminal Transfer system for SALM terminal 
Submarine hose Floating hose Submarine hose Floating hose 

Section length [m] 10.7 12.2 12.2 12.2 
Inner diameter [mm] 500 0.609 609 609 
Total length L [m] 118 298 48.8 314 
Outside diameter [mm] 620 1117 1117 1117 
Bend stiffness [kNm2] 158 300 500 300 
Tension stiffness [kN] 4325.866 4325.866 4325.866 4325.866 
Weight (empty)[kg/m] 434 600 439 600 
Minimum breaking 
tension [kN] 

810 810 810 810 

Fluid density [kg/m3] 725 725 725 725 
Drag force coefficient, Cd 0.9 0.9 0.9 0.9 
Added mass coefficient 
Cm 

1 1 1 1 

Water depth, [m] 47.8 47.8 47.8 47.8 
MBR 4*ID 6*ID 4*ID 6*ID 
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Wave Load 
Morrison equation is used to calculate the wave force 
in slender components, such as mooring and risers, 
and diffraction theory is used for components whose 
body dimensions are larger than the wavelength, such 
as buoys. The transverse and rotational displacements 
in the vessel are calculated by RAO using Equation 2 
for each wave height and period[14]. 

. .cos( )X A RAO tω ψ= +  (2) 

in which X is the response of the structure, A is the 
amplitude of the wave, and Ψ and ω  are the angle of
the frequency flow and the frequency of the wave, 
respectively. Given the research site, the wave 
spectrum used in this study is the modified Jonswap 
spectrum which is appropriate to the environmental 
conditions of the Persian Gulf. It is presented in 
Equation 3, (DNV-OS-E301, 2010). 

( )
42 5exp5 44

g pS
α ωα γω

ω ω

 
 = −
 
 

(3) 

        
in which g is a gravitational constant, and the key 
parameters for defining this spectrum include the 
characteristic wave height Hs, spectral peak period, 
Tp, and the peak enhancement factor γ, which are 
presented in Table 5 for this study. To compare three 
terminals in the same conditions, a wave direction of 
30 degrees relative to the direction of the tanker is 
considered. 

Wind and Current 
In addition to the force on the structure due to the wave 
phenomenon, the forces arising from the two 
phenomena of wind and current are also of special 
importance. The parameters used to calculate wind 
force and current are presented in Table 5. The 
direction of wind force and current parallel to the wave 
force used in calculating the most critical 
displacement of the tanker connected to the terminal is 
considered as per the profile of two wind forces and 
constant current in accordance with the OCIMF 
regulations[16]. 
This paper considers the environmental conditions 
including wave, current, and wind in accordance with 
the operating conditions of the Persian Gulf as 
expressed in Table 4 to investigate the dynamic 
behavior of floating structures and their impact on the 
pipe system. In all conditions, wind, wave, and current 
directions are considered to compare the response of 
these terminals. 

Table 4. Environmental conditions. 
Parameter value unit 

Wave JONSWAP 

Operation 
Hs 2.6 [m] 
Tp 7.5 [s] 
γ 1.4933 -

Survival 
Hs 3.9 [m] 
Tp 8.5 [s] 
γ 2.2261 -

Wind 

Constant 
velocity 

Operation 22 [m/s] 
Survival 26 [m/s] 

Air density 1.28 [kg/𝑚𝑚3

] 

Current Triangular 
profile 

Operation 
surface 0.7 [m/s] 
seabed 0 [m/s] 

Survival 
surface 0.8 [m/s] 
seabed 0 [m/s] 

Sea 

Water 
depth 47.8 [m] 

Water 
density 1025 [kg/𝑚𝑚3

] 

In order to evaluate the stability of floating and 
underwater desires hoses against the applied forces 
when the tanker is not connected and no operation is 
performed, in addition to the operating conditions of 
the Persian Gulf, four other environmental conditions 
are considered according to Table 5. These 
environmental conditions include waves with a 
characteristic height of 2 to 5.5 meters.  

Table 5. Different types of sea states. 
Sea state i Hs Tp ɣ Wind velocity[m/s] 
Sea State 5 2 5.5 1.4933 10.28 
Sea State 6 3 7 1.4933 13.37 
Sea State 7 4 8.5 2.2261 16.69 
Sea State 8 5.5 9.7 2.2261 20.57 

The density of the Jonswap wave spectrum is 
calculated by Equation 3 and plotted in Figure 9 for 
different environmental conditions. Since for each 
environmental condition, the wind speed must be in 
accordance with its wave height, so in Table 5, the 
corresponding wind speed is also given for each wave 
height. 

Figure 9. The spectral density for different sea states 
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4. Failure mode for Hose
Possible failure modes for pipes include tension
failure, excessive bending, collision, and fatigue(API,
2008). This study omits the fatigue failure mode. For
tension failure mode, the maximum tension should not
exceed the allowable tension (F <Fmax) where F is the
maximum tension created along the pipes and Fmax is
the maximum allowable tension declared by the
manufacturer. The critical location for this mode of
failure usually occurs at the beginning and end of the
pipes. Another mode of failure for the pipes is
excessive bending, which is checked by the curvature
and bending moment criteria. The amount of curvature 
and bending moment along the pipe should not exceed
the allowed values. Permissible values are calculated
by Eq. (4) and (5).

Allowable curvature = 1/MBR (4) 

Allowable Bending moment =
Bend Stiffness

MBR
(5) 

in which MBR is declared by the manufacturer, which 
is equal to 6 and 4 times the inner diameter of the pipe 
for floating and underwater pipes, respectively. Also, 
according to the collision criteria, the pipes should not 
have any contact with other facilities and the seabed. 
It is certainly more useful to normalize the outputs and 
show curves of results for non-dimensional 

parameters. Therefore, to show the results related to 
tension and curvature, this results are normalized, so 
that these values are divided by their allowable value 
and are introduced as normalized tension and 
normalized curvature. Allowable values for tension 
and curvature for floating hoses are 810 kN and 0.27 
rad/m, respectively. Also for submarine hoses the 
allowable tension and curvature are 810 kN and 0.33 
rad/m, respectively. 

5. Results
Product transfer systems in CALM and SALM
terminals are considered the most important
component of the terminal. Therefore, the amount of
forces created in these systems can help a lot in
choosing the best type of oil terminal in a certain area.
This paper examined the product transfer system in
two terminals, CALM and SALM. The results are as
follows.
The amount of tension created in floating and
underwater pipes is one of the most important failure
criteria to study the behavior of pipe in CALM and
SALM terminals as a variable. First, the
environmental conditions are considered according to
the operating conditions of the Persian Gulf. The
results obtained in this step are shown in Figure 10.

Figure 10. The effective tension in the hose of CALM and SALM oil terminals 

The results show that in each terminal, the maximum 
amount of effective tension occurs at the beginning 
and end of the pipe. However, the effective tension 
under operating conditions does not exceed the 
allowable value in the two terminals. In the CALM 
terminal, the critical point for effective tension is the 
connection point of the pipe to the terminal buoy. But, 
in the SALM terminal, the maximum tension occurs at 

the connection point of the pipe to the tanker. The 
maximum effective tension for the CALM and SALM 
terminal pipe is 658 and 340 kN, respectively. 
Another criterion of failure in examining pipe 
behavior is curvature. Figure 11 displays the amount 
of curvature along the pipe for the CALM and SALM 
terminals. 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1

N
or

m
al

iz
ed

 T
en

si
on

Length/Total Length

CALM SALM Allowable Ta
nk

er
 C

on
ne

ct
io

n



Esmaeil Hasanvand, Pedram Edalat / A Comparison of the Dynamic Response of a Product Transfer System in CALM and SALM Oil Terminals in 
Operational and Non-Operational Modes in the Persian Gulf region 

10 

Figure 11. The curvature in the hose of CALM and SALM oil terminals, (a) CALM Terminal, (b) SALM Terminal. 

The results show that the amount of curvature along 
the pipe for the two terminals did not exceed the 
allowable value. According to Figure 8, since the pipes 
are connected with different lengths and these 
different lengths are connected by a flange, the amount 
of curvature at these points is zero. In the SALM 
terminal pipe, the amount of curvature in the PLEM 
part is almost negligible, and the maximum value 
occurs near the connection to the tanker. In the SALM 
and CALM terminals, the maximum curvatures along 
the pipe are 0.21 and 0.2, respectively. 
Another thing that should be considered to check the 
product transfer system in these terminals is the 
condition that the tanker is not connected and no 

operation is performed. It is, therefore, necessary to 
study the stability of these systems under different 
environmental conditions. In the CALM terminal, 
when the tanker is not connected, there are floating 
pipes on the water surface, one end of which is free 
and the other is connected to the terminal body. The 
ends of the underwater pipes in these terminals are 
also connected to the seabed and the buoy. The 
environmental conditions are increased up to Sea State 
8 to determine how the behavior of these systems 
changes with increasing environmental conditions. 
The results obtained for the CALM terminal are shown 
in Figure 12. 
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(c) 

(d) 

Figure 12. The curvature and effective tension generated in the CALM hose under different sea states; 
 (a): The Curvature of floating hose, (b): The Curvature of submarine hose, (c): The Effective tension of floating hose, (d): The 

Effective tension of submarine hose. 

The criterion for studying the response of marine 
terminal pipes is curvature and tension. The results 

show that by increasing the environmental conditions 
to Sea State 6, none of the mentioned criteria are 
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violated, and the terminal can last until these 
environmental conditions without a tanker connected. 
But from Sea State 6 onward, the curvature criterion is 
violated, so it will not have the necessary stability. 
This is while the effective tension criterion has not 
exceeded the allowable value up to Sea State 8. It is 
also observed that the critical location in this terminal 
with the increase in environmental conditions is the 

point at which the pipe (floating and underwater) is 
connected to the buoy. 
Unlike the CALM terminal that consists of two 
separate floating and submarine pipes, product 
transfer systems in the SALM terminal is composed of 
floating and submersible pipes that are connected to 
one another and a single pipe. As the environmental 
conditions increase to Sea State 8, results are obtained 
that are shown in Figure 13. 

(a) 

(b) 

Figure 13. The curvature and effective tension generated in the SALM hose under different sea states; 
 (a): Effective tension, (b): Curvature. 

The results reveal that by increasing the environmental 
conditions to Sea State 8, none of the criteria of 
curvature and tension for the pipes of this terminal will 
be violated. 
The forces created at the lower end of the pipes 
(PLEM), connected to the seabed, in the SALM and 

CALM terminals are of special importance due to the 
presence of facilities on the seabed. When the 
terminals are in operating conditions, the forces will 
be generated in the PLEM section as shown in Figure 
14. 
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Figure 14. The effective tension generated in PLEM of the CALM and SALM hose under operational conditions. 

Based on the results, the time history of the tension 
created in the PLEM part is lower in the SALM 
terminal. The maximum tension generated for the 
CALM and SALM terminals is 207 and 178 kN, 
respectively. 

6. Conclusion
This study investigated the product transfer system,
including submarine and floating pipes, in CALM and
SALM terminals. First, the response of these systems
was examined under the operating conditions of the
Persian Gulf. In the next step, the stability of these
systems was evaluated under different environmental
conditions (up to Sea State 8) when no tanker was
connected. The results are summarized below.

- Under the operating conditions of the Persian
Gulf, the tension force and the curvature in the
SALM terminal product transfer system are
created to a lesser extent. The results show
that under operating conditions, the curvature
and effective tension of the pipes in the SALM
terminal are 5% and 93% lower than those in
similar operating and environmental
conditions in the CALM terminal,
respectively.

- With increasing environmental conditions, the 
product transfer system in the SALM terminal
shows more stability when no operation is
performed so that this system can be used
even for Sea State 8. However, the product
transfer system in the CALM terminal can be
used for areas whose maximum
environmental conditions are in line with Sea
State 6.

- The tensions created in the PLEM section in
the SALM terminal are 14% less than the
tensions created in the CALM terminal.

- The critical point of the product transfer
system for the CALM terminal is the
connection point of the pipe to the terminal
buoy, where the most displacement occurs.
But, in the SALM terminal, the critical point
for the effective tension of the seabed and for

the curvature is the area where the pipe comes 
out of the water. 
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In this article, source and trace of the cyclones produced on the Caspian Sea were 
investigated from 2012 to 2017. The required data for this research consists of water 
level data recorded at stations such as Amirabad port, as well as other ports, mean 
atmospheric pressure at the Sea surface and wind data from ECMWF Web site. 
Results show that source of atmospheric low pressure is from the southwest and west 
of the Caspian Sea and in 2016 it is from the northern region of this basin. These 
atmospheric low pressures mostly enter to the Caspian Sea from the northwest of the 
mid Caspian Sea and their moving trace is to the east and southeast of the southern 
Caspian Sea. With the investigation of the impact of atmospheric low pressure and 
wind on the water level of Caspian Sea, in the coasts of Bandar-e Anzali, 
Fereydunkenar and Amirabad, it was obtained that in 2013 and 2016 low pressure 
effect and in 2015 wind effect was the most effective phenomena on the water level. 
The maximum movement velocity of the atmospheric cyclones from 2012 to 2017 
was respectively equal to 10.17, 7.96, 44.7, 16.7, and 2.6 m/s. 

Keywords: 
Sea level, 
Atmospheric low pressure, 
Wind,  
The Caspian Sea 

1. Introduction
The effect of atmospheric cyclones on Iranian water
level fluctuations in the Persian Gulf and the Gulf of
Oman has been studied in several researches [1, 2, 3].
Variation on sea level when atmospheric cyclone
crosses is affected by two phenomena: firstly, wind
intensity which causes momentum transmit through
pushing the water level and secondly, atmosphere
pressure changes which cause fluctuation on the sea
level is known as inverse barometer effect [4]. If
atmosphere pressure decreases in a region, and air
starts to move from surround to the low pressure
region, this atmosphere stream is known as cyclone. It
is clear that this stream movement to cyclone center is
affected by Coriolis force [5]. Pressure centers with
respect to the nature and cause of formation are
classified into two groups: dynamical and thermal.
Thermal pressure centers depended on intensity of the
sun radiation and consequently depend on latitude and
seasons. Thus, high pressure thermal centers are
formed at higher latitudes and during the cold seasons
of the year whereas low pressure thermal centers are
formed at lower latitudes and during the warm seasons

of the year. In other words, the thermal centers depend 
on the thermal properties and the distance in proportion 
to the surface of the earth, which decreases in intensity 
and eventually disappears at an altitude of about 1500 
meters above the ground. Dynamical pressure centers 
are affected by temperature distribution on the earth as 
an indirect factor, unlike thermal pressure centers [6]. 
Water level in various ambiances such as oceans, seas, 
lakes, gulfs, estuaries, rivers, regions far from or close 
to the coasts changes continuously because of various 
phenomena [7]. Some marine areas are affected by 
significant surges several times per year. This 
phenomenon has historically caused catastrophic 
water-level enlargements of up to 4.44 m, threatening 
and claiming human lives and producing major 
economic and material damages. The negative surges 
are less frequent, but when they do occur, inhibit the 
access to the principal harbors and waterways and 
disable the drinking water intakes of the Metropolitan 
Area [8]. One of the studies conducted on this field 
examines the effect of meteorology cyclones 
transmission on the water level fluctuation in Qeshm 
channel. The water level and the meteorological data 
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were obtained from National Cartographic Center and 
Iranian Meteorology Organization, respectively. The 
results of this research indicate that the period time of 
the atmospheric cyclones surge in Qeshm channel is 
about 1-2 days. Statistical investigations, also show 
that Qeshm channel is mostly affected by cyclones that 
enter to the region from south or southeast which 
diminish during moving to the north. Cyclones that 
enter to the Persian Gulf from northwest rarely reach to 
the Hormoz strait and Qeshm channel [9]. An analysis 
of the sea level data (obtained from Kangan and 
Bushehr Stations-per half an hour), at the northwest of 
the Persian Gulf showed that in January 2014, there 
was none-tidal fluctuation. The prominent effects of 
non-tidal oscillations can also be verified through the 
data reports obtained from the Kangan and Bushehr 
Stations [10]. Also, the changes of mean sea level 
investigated in Persian Gulf during 11 years (starting 
from 1995). The range of the annually changes is 11.3 
cm and the sea level is not significantly dependent on 
the density and temperature and it is mainly dependent 
on the pressure [11]. In the Caspian Sea, changes in sea 
level due to atmospheric circulation were conducted 
using the MPIM model ((Max Planck Institute for 
Meteorology). The results emphasize the important 
role of precipitation in the summer on the Caspian Sea. 
This study also investigated the precipitation and 
evaporation of the Volga River and its effect on the 
Caspian Sea water level [12]. Seasonal variations in 
water circulation, sea level, and the interaction between 
atmosphere and sea, investigated by Ibrayev et al. 
(2010). The model used in this study is the MESH 
model (Model for Enclosed Sea Hydrodynamics). The 
results of this study include three-dimensional flow, 
evaporation, covert heat, sensible heat and changes in 
the Caspian Sea level. Also, the mean square error of 
the simulated values and measurements from 1.4 cm at 
Baku Station change to 3 cm at the Krasnoyarsk station 
[13]. Mean sea level Equilibrium (MSLE) was studied 
for a period of ten years from 1999 to 2008 in the 
Mediterranean Sea. In this study, anomaly changes in 
density were considered smaller than constant value of 
density and state equation for density was considered 
linear and with constant coefficient. It was concluded 
that the MSLE value obtained from the region in the 
simulated model represents 2-3 centimeters of error in 
MSLE values [14]. In another research, the effect of 
Russia's drought in 2010 on the Caspian Sea was 
studied. In this hydrological study, the Caspian Sea and 
the Volga River were studied. This study was 
conducted for the period from 1993 to 2010, with the 
emphasis on the severe effect of the European Russia's 
drought on the Caspian Sea. Figure 1. shows the 
monthly average of the Caspian Sea water level change 
for 2009-2011, which shows that water level is 
decreasing (the numbers in this diagram should be 
added to the number -27). Another result of this study 
is the fall in rainfall in July 2010 in the Volga River 
region, which has led to an increase in evaporation in 

the area as well as a decrease in the Caspian Sea water 
level [15]. The model used in this study is the MESH 
model (Model for Enclosed Sea Hydrodynamics). The 
results of this study include three-dimensional flow, 
evaporation, covert heat, sensible heat and changes in 
the Caspian Sea level. Also, the mean square error of 
the simulated values and measurements from 1.4 cm at 
Baku Station change to 3 cm at the Krasnoyarsk station 
[13]. Mean sea level Equilibrium (MSLE) was studied 
for a period of ten years from 1999 to 2008 in the 
Mediterranean Sea. In this study, anomaly changes in 
density were considered smaller than constant value of 
density and state equation for density was considered 
linear and with constant coefficient. It was concluded 
that the MSLE value obtained from the region in the 
simulated model represents 2-3 centimeters of error in 
MSLE values [14]. In another research, the effect of 
Russia's drought in 2010 on the Caspian Sea was 
studied. In this hydrological study, the Caspian Sea and 
the Volga River were studied. This study was 
conducted for the period from 1993 to 2010, with the 
emphasis on the severe effect of the European Russia's 
drought on the Caspian Sea. Figure 1. shows the 
monthly average of the Caspian Sea water level change 
for 2009-2011, which shows that water level is 
decreasing (the numbers in this diagram should be 
added to the number -27). Another result of this study 
is the fall in rainfall in July 2010 in the Volga River 
region, which has led to an increase in evaporation in 
the area as well as a decrease in the Caspian Sea water 
level [15]. 

Figure 1. Monthly changes of the mean sea level in the 
Caspian Sea from 2009 to 2011 (Arpe, et al., 2012) 

Seasonal and long-term study of the Caspian Sea water 
level using satellite and altimeter was conducted by 
Chen et al., (2017). In this study, with the recording of 
altimeter data for the years 2002 to 2015, it can be 
observed that the water level is 20 times lower than 
global water level furthermore; seasonal fluctuations 
are larger than mean water level of high seas [16].  
Considering that the sea level change is caused by 
atmospheric cyclones and there is no comprehensive 
study on the effects of atmospheric cyclones on the 
Caspian coasts, this research is new. In addition, the use 
of updated measured data and more statistical periods 
will affect our understanding of this phenomenon. In 
this study, the effect of atmospheric cyclones on water 
fluctuations in the Caspian Sea are investigated. 
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2. Material and Methods
The study area for the present research is the Caspian
Sea, located between Asia and Europe Continents and
at 36-48 °N and 46-55 °E. The area is surrounded by
Iran, Russia, Turkmenistan, Kazakhstan and
Azerbaijan. According to Figure 2, the Caspian Sea can
be divided into three parts based on its physical,
geographical and topographic conditions: Northern
Caspian Basin (NCB), Middle Caspian Basin (MCB)
and Southern Caspian Basin (SCB) [17, 18]. The total
area of this basin is 168000 km2 and the deepest point
of the Caspian Sea is located at this basin which is 1025
m and the mean depth is 325 m in this basin [19, 20].
Wind and atmosphere pressure data was received from
ECMWF database (provided by European Climate
Prediction Studies center) during years from 2012 to
2017 with local scale 0.125 ̊ and time step 6 hours.
Atmosphere pressure from ECMWF database is related 
to the height of 500 hPa, hence, in this study, the
pressure centers is dynamical. The data related to the
changes of the Caspian Sea level was also prepared
from Caspian research center, recorded in the coasts of
Caspian Sea at Bandar-e Anzali, Fereydunkenar, and
Amirabad Stations (Figure 2).

Figure 2. Geographical features of the Caspian Sea 

To analyze the data, Pyferret software was applied. 
Pyferret software is suitable media for analyzing the 
complicated and numerous data. This software was 
designed and produced for satisfice meteorologist and 
oceanographer. It was run on UNIX and Mac operating 

systems as well. Ferret software was developed to the 
Pyferret version based on Python application [20, 21]. 
Data with formats such as Netcdf,  ASCII  and Binary 
are applicable in this software. Using wind and 
atmosphere pressure data obtained from ECMWF 
database, wind and mean surface pressure related to the 
Caspian Sea were drawn per 6 hours for 1 years [22]. 
To draw regions with low presser, surfer software was 
applied and some parameters were analyzed such as 
number of seasonal atmospheric low pressure, low 
pressure place, source, movement trace, velocity of 
atmospheric cyclone movement and the region that 
cyclone mostly occurs there. Moreover, using time 
series, the recorded data related to the Caspian Sea 
level at stations of Bandar-e Anzali, Fereydunkenar and 
Amirabad, the changes due to the wind and 
atmospheric low pressure were analyzed. To calculate 
the changes due to the wind and atmospheric low 
pressure, at first, the two states of low pressure and 
normal pressure were recorded, and the pressure 
difference was calculated based on Pascal. Then, the 
sea level changes due to the atmosphere pressure were 
calculated according to the hydrostatical pressure rule 
(per milibar, pressure decrease causes 1 cm increase in 
the sea level). Moreover, to calculate sea level changes 
due to the wind, with respect to the available data of the 
measurement stations, the level difference for the two 
mentioned states was calculated. In addition, 
considering that in this study, sea level changes were 
studied in a short-term; other factors that have 
insignificant effects in a short term are ignored in this 
study such as rivers discharge, evaporation, raining etc. 
Thus, as the sea level decrease due to the atmospheric 
pressure, the remaining sea level is allocated to the 
wind as the most effective factor on the sea level in a 
short term. 

3. Results and Discussion
This study investigates the water level changes in short
time ignoring those factors that are not effective in
short time. Some of these ignored factors include river
discharge, evaporation, raining, etc. Two main factors
were investigated in this study that is, wind and mean
pressure of the water level. After collecting the data
(wind and mean pressure of water level) from the
ECMWF database for the years 2012-2017, some
parameters were analyzed, including the number of
seasonal atmospheric low pressure, the location of
atmospheric low pressure, the source and trace of
atmospheric cyclone as well as effect of atmospheric
low pressure and wind on the sea level.
3.1.  Data validation
To validate the study, atmospheric low pressure and the 
levels of the intended stations were compared. Figure 3
is diagrams of sea level for days before and after the
occurrence of the atmospheric low pressure in May
(Bandar-e Anzali Station) and November
(Fereydunkenar Station). Orange plots on the diagrams

St.1 

St.2 
St.3     St.1: Bandar-e Anzali  

    St.2: Fereydunkenar 
    St.3: Amirabad 
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show the time of the atmospheric low-pressure 
occurrence. 

(a) 

(b) 

Figure 3. Changes of the Caspian Sea water level on a) May 
28th-30th, 2015 at Bandar-e Anzali Station b) November 28th-

30th, 2015 at Fereydunkenar Station 

3.2.  Atmospheric low pressure events 
Figure 4 shows the number of the atmospheric low 
pressure events in the southern Caspian basin monthly 
from 2012 to 2016. According to Figure 4a, b the 
maximum of atmospheric low-pressure events is 
occurred in May and October in 2012 and September 
and March in 2013.  

 

 

 

 

 

 

As shown in Figure 4c, in 2014, the maximum of the 
atmospheric low pressure events are occurred in 
southern basin of the Caspian Sea in September and 
May. In 2015, 2016 the maximum of atmospheric low 
pressure events are occurred in December and May 
(Figure 4d, e). 

 

 

 

Figure 4. The number of the monthly atmospheric low 
pressure events in the southern Caspian basin, a) 2012 b) 2013 

c) 2014 d) 2015 e) 2016

Figure 5, shows the number of the occurrences of the 
seasonal atmospheric low pressure in the southern 
basin of the Caspian Sea. Considering these diagrams 
and comparing them with the monthly diagrams show 
that in the whole years (2012-2016), except 2013, the 
maximum of the atmospheric low pressure events are 
occurred in spring and autumn.  

Figure 5. The number of the seasonal atmospheric low 
pressure events in the southern Caspian basin 

Figure 6. The number of the annual atmospheric low pressure 
events in the southern Caspian basin 
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Also, Figure 6, shows that the maximum of the 
atmospheric low pressure events is occurred in 2012, 
and the minimum is occurred in 2013. Moreover, by 
investigating the region with atmospheric low pressure, 
the latitude and longitude of the atmospheric low 
pressure center was recorded for 5 years (2012-2016) 
and plots were drawn on the Caspian Sea by Surfer 
software. Figure 7, shows the largest numbers of the 
atmospheric low pressures occurred at the south and 
southeast. However, in the western region of the middle 
Caspian basin and some parts of the eastern region of 
the northern basin, the atmospheric low pressures have 
occurred less than the southern basin. According to 
Figure 7, it is concluded that cyclones mostly occur in 
the southern coasts of the southern basin of the Caspian 
Sea but about the eastern coast, it is affected by the 
atmospheric low pressure phenomena because of being 
flat. It’s mean the western coast is more liable to 
flooding. 

Figure 7. The atmospheric low pressure center in three basins 
of the Caspian Sea (2012-2017) 

3.3. Changes in the Caspian Sea level 

The changes in the sea level due to the two factors of 
atmospheric low pressure and wind in the Iranian 
coastal stations (Bandar-e Anzali, Amirabad, and 
Fereydunkenar) during 2013-2016 are shown in Table 
1. In Bandar-e Anzali Station in 2015, the atmospheric
pressure in the two states of low pressure (Figure 8a)
and normal pressure (Figure 8b) were 100500 Pa and
100650 Pa, respectively. Pressure difference between
the two mentioned states of pressures is 150 Pa (1.5
milibar). On the other hand, one milibar of pressure
decrease causes 1 cm sea level increase and based on
this point, the level affected by the atmospheric
pressure was calculated. To calculate the changes of the 
sea level due to the wind, with respect to the measured
data of the stations, the sea level relative to the mean
sea level for the two mentioned states is -26.99 m and -
26.97, respectively.

Figure 8. Bandar-e Anzali Station in a) low pressure b) non-
low pressure, 2015 

Then the level difference is 2 cm, 1.5 cm of which is 
due to the atmospheric pressure and 0.5 cm of which is 
due to the wind. 
Table 1 shows that in Bandar-e Anzali Station in 2013, 
the atmospheric low pressure factor has had the most 
effect on the sea level. In 2015, it is observable that the 
atmospheric low pressure and wind have the most 
effect at the east of the southern Caspian basin 
(Amirabad) and the west of it (Bandar-e Anzali), 
respectively. According to Table 1, changes due to the 
wind and the atmospheric low pressure in 2016 show 
that the atmospheric low pressure has the most effect 
on the sea level in these months. An investigation of the 
Figures related to this year shows that most of the 
atmospheric low pressure is also close to the station and 
the wind direction is also from the coast to the sea. 

LA
TI

TU
D

E 

LONGITUDE 

b 

a 
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Table 1. Changes in the Caspian Sea water level due to the atmospheric low pressure and the wind pressure at the Southern Caspian 

coastal stations (2013-2016) 

Station Date Pressure 
(Pa) 

Measured 
water level 
in station 

(m) 

Increase due 
to the low 
pressure 

(cm) 

Increase 
due to the 

wind 
(cm) 

Bandar-e Anzali 
Low pressure 5/16/2013 100550 -26.365 1.5 0.5 

Non-low pressure 5/15/2013 100400 -26.385
Low pressure 7/2/2013 99600 -26.634 4.8 1.2 

Non-low pressure 7/1/2013 100080 -26.694
Low pressure 3/9/2013 100950 -26.555 10.5 1.5 

Non-low pressure 3/8/2013 102000 -26.435
Bandar-e Anzali Low pressure 11/3/2014 100950 -26.555 1.5 1.5 

Non-low pressure 11/2/2014 102000 -26.435
Bandar-e Anzali Low pressure 2/4/2015 100950 -26.994 1 1 

Non-low pressure 2/3/2015 101050 -26.974

Bandar-e Anzali 
Low pressure 5/29/2015 100350 -26.874 1 4 

Non-low pressure 5/28/2015 100450 -26.824
Low pressure 8/16/2015 100340 -27.017 1.6 2.4 

Non-low pressure 8/15/2015 100500 -27.977

Amirabad 
Low pressure 11/29/2015 101350 -27.22 2.5 0.5 

Non-low pressure 11/27/2015 101600 -27.25
Low pressure 4/5/2015 100500 -26.99 1.5 0.5 

Non-low pressure 4/4/2015 100650 -26.97
Fereydunkenar Low pressure 11/29/2015 101400 -27.217 1.5 5.5 

Non-low pressure 11/27/2015 101550 -27.287

Bandar-e Anzali 
Low pressure 2/15/2016 102250 -27.134 3 1 

Non-low pressure 2/14/2016 101950 -27.174
Low pressure 3/5/2016 100640 -27.124 3.6 0.4 

Non-low pressure 3/4/2016 101000 -27.164

Amirabad 
Low pressure 2/15/2016 102200 -27.19 2.5 0.5 

Non-low pressure 2/14/2016 101950 -27.16
Low pressure 11/14/2016 101850 -27.09 4.5 0.5 

Non-low pressure 11/13/2016 102300 -27.04
Low pressure 12/1/2016 101240 -27.11 1.6 2.4 

Non-low pressure 11/30/2016 101400 -27.07
Low pressure 5/29/2016 100400 -26.86 4.5 0.5 

Non-low pressure 5/28/2016 100850 -26.91

Figures 9a-e show, the entry and exit of an atmospheric 
low pressure system that was studied for 24 hours 
(from 12 midnights on February 16th, until 12 
midnights on February 17th). Based on Figure 9a, an 
atmospheric low pressure system with a pressure 
100000 pa enters from the northwest of the middle 
basin to the Caspian Sea. This phenomenon, with the 
velocity of 10.17 m/s and direction of 48.9 degree after 
6 hours affects the western coasts of the middle basin 
and some parts of the southwest coasts of the Caspian 
Sea (Figure 9b). 

a 
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On August 17th, the atmospheric low pressure creation 
starts from the southern Caspian basin, with a value 

100100 pa (Figure 10a). This system moves with the 
velocity of 4.83 m/s and the direction of 32 degrees at 
the east of this basin (Figure 10b). After 6 hours, at 12 
o’clock on August, 17th, this atmospheric low pressure 
vanishes (Figure 10c). 

Also, the atmospheric low pressure system enters from 
the northwest of the middle basin to the Caspian Sea 
(Figure 11a). It moves with the velocity of 7.96 m/s and 
direction of 47.72 degree align with the western coasts 
of the middle Caspian basin (Figure 11b).  

b 

c 

d 

e 

Figure 9. Atmospheric low pressure system on 
February 16th and 17th, 2012 

a 

b 

c 

Figure 10. Atmospheric low pressure system on August 
17th, 2012 
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After 6 hours, at 12 o’clock on February 16th, the 
southwest coasts of the southern Caspian basin 
(especially the Iranian coasts) are affected by the 
atmospheric low-pressure system 100000 Pa (Figure 
11b). 

This atmospheric low-pressure moves with the velocity 
and direction of 5.02 and 5.7, from the west to the east 
and at 18 o’clock on February 16th, respectively, it 
egresses from the southern basin (Figure 11c). 
Figure 12, shows the changes of atmospheric low-
pressure and the wind pattern for September 18th, in 
2013. Based on Figure 12a, the atmospheric low-
pressure system surrounded a large part of the middle 
and the southern Caspian basin and its tense gradually 
decreases when it moves to the south and the southern 
region (Figure 12b). Although at 12 o’clock on 
September 16th, this atmospheric low-pressure system 
egresses totally from the Caspian Sea basin (Figure 
12c), after 6 hours, it moves to the north and along the 
eastern coasts of the southern Caspian basin with the 
velocity of 44.7 m/s and direction of 46.3 degree 
(Figure 12d). 

a 

b 

c 

Figure 11. Atmospheric low-pressure system on 
February 16th, 2013 

a 

b 
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Figure 13a shows that the atmospheric low-pressure 
system affected most of the regions of the southern 
Caspian basin. After 6 hours, this system (at 6 o’clock, 
February 16th) egresses with the velocity of 1.6 m/s and 
the direction of 16.6 degree from the east of the 
southern Caspian basin (Figure 13b, c). At 12 o’clock, 
February 16th, the southern region of the Caspian Sea 
(the Iranian coasts of the Northern Province) are mostly 
affected by atmospheric low-pressure. 
Figure 14 shows the changes of the atmospheric low-
pressure and the wind pattern for August 19th, in 2013. 
Based on Figure 14a, the atmospheric low-pressure 
system enters from the northwest of the middle Caspian 
basin with the velocity of 44.7 m/s and direction of 46.3 
degree to the eastern region of the southern Caspian 
basin and reaches this region at 6 o’clock, August 19th. 
This system is egressing with the velocity of 7.58 m/s 
and direction of 27.92 degree from the eastern region 
of the southern Caspian (Figure 14b).  

As shown in Figure 15a, the atmospheric low-pressures 
enter from the west of the mid Caspian to the Caspian 
Sea and affects the western coasts of the mid Caspian. 

c 

d 
Figure 12. Atmospheric low-pressure system on 

September 18th, 2013 

Figure 13. Atmospheric low pressure system on 
February 16th, 2014 

b 

c 

a 
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Figure 14. Atmospheric low-pressure system on August 19th, 
2014 

This atmospheric low-pressure with the velocity and 
direction of 16.7 m/s and 47.4 degree, respectively, 
after 6 hours affects the most of the southern Caspian 
basin and the south of the middle Caspian basin (Figure 
15b).  

After 6 hours at 12 o’clock, February 4th, the eastern 
coasts and some coasts at the southwest of the southern 
Caspian (Bandar-e Anzali) are affected by the 
atmospheric low-pressure 10095 Pa (Figure 15c). 
Finally, this atmospheric low-pressure system egresses 

a 

b 

b 

c 

d 

Figure 15. Atmospheric low pressure system on 
February 4th, 2015 

a 
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from the east of the southern Caspian with the velocity 
of 10.8 and direction of 7.6 degree (Figure 15d). 
Based on Figure 16a, the atmospheric low-pressure 
phenomenon starts from the southeast region of the 
southern Caspian Sea and far from the coasts. This 
atmospheric low-pressure is moving with the velocity 
and direction of 3.91 m/s and 22.78 degree, 
respectively, toward the eastern region of the southern 
Caspian basin.  

Figure 16. Atmospheric low-pressure system on August 16th, 
2015 

At 12 o’clock, on August 16th, the atmospheric low-
pressure at the southeast of the southern Caspian basin 
egresses this basin while another atmospheric low-
pressure is entering it from the northwest of the 
southern Caspian (Figure 16b). This system is moving 
with the velocity of 10.23 m/s to the center and the 
southeast of the southern Caspian Sea (Figure 16c).  

Figure 17. Atmospheric low-pressure system on February 15th, 
2016 

Based on Figure 17a, the atmospheric low-pressure 
system, as a rather strong system is moving from the 
west of the Caspian Sea to the middle Caspian coasts 
and the southern region of the southern Caspian basin. 
After 6 hours, at 6 o’clock, on February 15th, it affects 
all of the Iranian coastal regions. It is clear the changes 
due to the atmospheric low-pressure and the wind are 
2.5 and 0.5 cm, respectively (Figure 17b). 

a 

b 

c 

a 

b 
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Figure 18. Atmospheric low-pressure system on September 1st, 
2016 

Based on Figure 18a, the atmospheric low-pressure is 
being created at the southeast of the Caspian Sea. This 
system is moving with the velocity and direction of 2.6 
m/s and 25.5 degree, respectively, to the eastern coasts 
of the southern Caspian basin. At the same time, 
another atmospheric low-pressure system at the north 
of the northern Caspian basin is being created (Figure 
18b), which vanishes after 6 hours; the atmospheric 
low-pressure system in the southeast of the southern 
Caspian basin is egressing from the eastern coasts of 
this basin (Figure 18c). 

Figure 19. Atmospheric low-pressure tracing, February 15th-16th, 2012 

Figure. 20. Atmospheric low-pressure tracing, February, 15th-16th, 2013 

a 

b 

c 
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Figure 21. Atmospheric low-pressure tracing, November, 21st-22nd, 2014 

Figure. 22. Atmospheric low-pressure tracing, October, 4th-5th, 2015 

Figure 23. Atmospheric low-pressure tracing, March 4th-5th, 2016 

Figures 19-23 show tracing of atmospheric low-
pressure from 2012 to 2016 for various months, 
respectively. According to these Figures, it is 
observable that in most of these years, the source of the 
atmospheric low-pressure creation is from the 
southwest and the west of the Caspian Sea. After some 
hours, most of the atmospheric low-pressure systems 
egress from the western coasts of the mid Caspian Sea 
to the Caspian Sea basin and their destination is mostly 
the east and the southeast of the southern Caspian 
basin. In 2016, based on Figure 23, it is observable that 
the source of low-pressure system is the northwest of 
the Caspian Sea (high latitude). However, like other 
years, it enters from the west of the middle Caspian 
basin to the Caspian Sea. 
4. Conclusion
In this research, parameters such as number of seasonal
atmospheric low pressure, place of atmospheric low
pressure, source and trace of atmospheric cyclones and
effects of the atmospheric low pressure and wind on the
sea surface level were analyzed. The results of this

research show that the atmospheric low pressure 
mostly occurs in spring and autumn. Also, atmospheric 
cyclones mostly occur in the southern coasts of the 
southern Caspian basin. However, the eastern coasts 
are mostly affected by low pressure phenomenon due 
to being flat. Investigations on tracing of the 
atmospheric low pressure shows that in most of these 
years the source of the creation of atmospheric low 
pressure is observed to be from the western south and 
the west of the Caspian Sea. After a few hours, most of 
the atmospheric low-pressure systems enter from the 
eastern coasts of the middle Caspian basin to the 
Caspian Sea basin and their destination is mostly the 
east and the southeast of the southern Caspian basin. In 
2016, it is observed that the source of the atmospheric 
low pressure is from the northwest of the Caspian Sea 
(high latitude) but similar to other years, it enters to the 
middle Caspian from the west of the Caspian Sea. This 
research studies the effects of wind and the atmospheric 
low pressure on the sea level in the Caspian Sea in 
stations such as Bandar-e Anzali, Amirabad and 
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Fereydunkenar. According to Table 1, it is clear that in 
2013, in Bandar-e Anzali Station, the atmospheric low 
pressure has had a significant effect on the sea level. 
The Figures related to the atmospheric low pressure 
show that wind direction is from the coasts to the sea 
on May 16th. In 2015, it is observable that in the east 
of the southern Caspian basin (Amirabad Station) and 
in the west of this basin (Bandar-e Anzali Station), the 
wind has the most significant effect. In the east of this 
basin, the direction of the wind is from the coasts to the 
sea and the low-pressure center is close to Amirabad 
Station reflecting that the atmospheric low-pressure 
effect is more than the wind effect in this region. At the 
west of the basin, the atmospheric low-pressure centers 
are a bit farther than Bandar-e Anzali Station and the 
wind direction is from the sea to the coasts and causes 
mass transition. In this basin, the sea level also 
increases due to the collision between the bed and 
waves. Therefore, it is concluded that during the years 
2013 and 2016, the low pressure and during the year 
2015, the wind has the most significant effect on the 
sea level. The maximum velocity of the atmospheric 
cyclone movement from 2012 to 2016 is 10.17, 7.96, 
44.7, 16.7 and 2.6 m/s, respectively. 
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Different parameters contribute on the upheaval buckling of subsea pipelines. Seabed 
is a surface that pipeline contact with it directly. So seabed is one of the most 
important parameters in the upheaval buckling of subsea pipeline. Subsea pipeline 
includes imperfection shape and characteristics of the seabed soil. In this paper, 
different soil types are considered for seabed and modeled with ABAQUS standard 
code. Seabed is modeled as a two-dimensional springs. The task of these springs is to 
react like soil against forces. The calculation of spring stiffness is based on standard 
code of American Lifelines Alliance. The critical stress increases due to the soil 
cohesion increasing. Soil cohesion is more effective parameter than soil angle friction 
of the soil. In this study, the effect of temperature difference is evaluated for different 
types of soil. 10 difference temperature is considered for this evaluation. 50 ℃ to 110 
℃  is the range of mentioned temperature. The effect of difference temperature on the 
upheaval buckling increases due to increasing of angle friction. 
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1. Introduction
Subsea pipelines are exposed to upheaval buckling due
to high temperatures and pressure [1,2]. Many subjects
affect pipeline conditions. The specifications of the
space around the pipeline can be the most important
factor affecting the risks that may occur to the pipeline
[3]. The pipeline is surrounded by water and seabed.
Hydraulic pressure is inserted into the subsea pipeline
due to sea water [4,5]. Also, high pressure and high
temperature creates axial force on subsea pipeline [6].
Pipeline reacts due to hydraulic pressure and other
pressures on the pipeline. This reaction is called
buckling. In the buried pipeline, soil cover weight is
less than the surrounding soil weight, so upheaval
buckling is possible. Vertical movement is important in
upheaval buckling of pipeline. The intensity of vertical
reaction depends on the characteristics of the seabed [7-
10]. So, seabed characteristic is one of the most
important parameters in upheaval buckling. The
importance of soil type has proven on upheaval
buckling studies so that the soil type in this study are
listed. In previous studies have been marked the type of
seabed soil and theses study divided to two parts,
clayey seabed [11,12] and sandy seabed [13,14]
separately. Previous studies not discuss about detail of
soil characteristics and its effect on upheaval buckling.
ABAQUS standard code is the most commonly used
software for numerical analysis of upheaval buckling.
Previous studies are modeled seabed as rigid surface
[15-17]. Analytical rigid surfaces are geometric

surfaces with profiles that can be described with 
straight and curved line segments.  An analytical rigid 
surface is associated with a rigid body reference node 
whose motion governs the motion of the surface. An 
analytical rigid surface does not contribute to the rigid 
body's mass or inertia properties analytical rigid 
surfaces are always single-sided with their orientation 
specified through their definition. Therefore, contact 
interaction is recognized only on the outer boundary of 
an analytical rigid surface. To model contact on both 
sides of a thin structure, use an analytical rigid surface 
that wraps around the boundary of the thin structure.  
In this study, different seabed soils are considered and 
have been compared with each other. The main aim of 
this study is to evaluate the effect of soil types on 
upheaval buckling. In this study, the effect of 
temperature difference is evaluated for different types 
of soils. 10 difference temperature is considered for this 
evaluation. Upheaval buckling is modelled with 
ABAQUS standard code and seabed is modelled as 2d 
spring in 2 directions. The critical stress increases due 
to the soil cohesion increasing. The effect of difference 
temperature on the upheaval buckling increases due to 
increasing of angle friction. Soil cohesion is more 
effective parameter than soil angle friction of the soil. 

http://www.ijcoe.org/
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2. FE model
The length of pipeline is considered 500 (m) for
ABAQUS modeling. The two-dimensional beam
elements were used to pipeline model. According to
DNV-F-110 (2006) recommendation, mesh size
assumes 0.5 (m). The pipeline is modelled as 2D beam
with PIPE21 elements. Nonlinear spring with Spring1
element is used for seabed modeling.
Initial imperfection is a key parameter for upheaval
buckling starting. The most common initial
imperfection assumption used by the previous
researchers, the sinusoidal profile imperfection is: 

𝑓𝑓(𝑥𝑥) = 𝑊𝑊0
2� �1 + cos �2𝜋𝜋𝜋𝜋

𝐿𝐿0� �� .  − 𝐿𝐿0
2� ≤ 𝑥𝑥 ≤

𝐿𝐿0
2�   (1) 

Imperfection height and wavelength are defining 
imperfection parameters. Imperfection properties are 
shown in table 1. 

Table 1. Imperfection properties 

Characteristic Value 
Wave length(m) 60 
Imperfection height(m) 0.15 

Static analysis is used step in ABAQUS model. The 
basis of this analysis is nonlinear buckling analysis. 
There is difference temperature due to fluid flow 

through the pipeline in operation that is causing to axial 
force to pipeline. The amount of difference temperature 
is variable for this model. 
The soil is modeled as spring in this model. Figure. 1 
illustrates the general schematic of using axial, lateral 
and vertical springs for soil modeling of buried 
pipeline. The calculation of spring stiffness is based on 
standard code of American Lifelines Alliance [18]. 

Figure 1. General schematic of using axial, lateral and vertical springs for soil modeling [18] 
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3. Methodology
This research is focused on the effect of soil
specification on upheaval buckling. To achieve this
aim, seabed is modeled with different types. Table 2 is
shown the specification of used soils.
In the past 30 years, the researcher summarized models
of buckling of the pipeline. These models are suitable
for a certain condition.
The Terndrup-Pedersen’s assumptions [20]:
∙ Pipeline a is linear beam;
∙ Seabed is rigid;
∙ Effect of the soil cover is fixed; this model is suitable
for pipeline with the small vertical displacement;
∙ Pipeline is completely elastic;
∙ Pipeline and trench bottom may be imperfect;
∙ Initial imperfection is considered for seabed and
pipeline.
The imperfection shape is defined by: 

𝜔𝜔𝑓𝑓 = 𝛿𝛿𝑓𝑓 �
𝑥𝑥
𝐿𝐿0
�
3

(4 − 3𝑥𝑥
𝐿𝐿0

)  (2) 

Where 

𝐿𝐿𝑜𝑜 = (72𝐸𝐸𝐸𝐸𝛿𝛿𝑓𝑓
𝑞𝑞𝑓𝑓

)
1
4               (3) 

Where: 

𝛿𝛿𝑓𝑓= Initial imperfection height 
𝑞𝑞𝑓𝑓= Pipe submerged weight 
Figure.2, illustrates the imperfection shape of a 
pipeline with expressed assumptions. The pipeline 
loaded with a weight of per unit length. Also, it is 
assumed that the below area of pipe is not empty. 

𝜔𝜔𝑓𝑓 = 𝛿𝛿𝑓𝑓 �
𝑥𝑥
𝐿𝐿0
�
3

(4 − 3𝑥𝑥
𝐿𝐿0

)  (4) 

Where 

𝐿𝐿𝑜𝑜 = (72𝐸𝐸𝐸𝐸𝛿𝛿𝑓𝑓
𝑞𝑞𝑓𝑓

)
1
4               (5) 

Where: 

𝛿𝛿𝑓𝑓= Initial imperfection level 
𝑞𝑞𝑓𝑓= Pipe submerged weight 
Figure.2, illustrates the deflection shape of an elastic 
pipeline with bending stiffness EI placed over a 
protruding object of height f and loaded with a weight 
of per unit length. Besides, it is assumed that the cavity 
below the propped pipe will be filled with soil, either 
through natural process or engineering backfill 
procedures.  

Figure 2. Pipeline position on initial imperfection [19] 

Figure. 3, illustrate the uplift op pipeline with initial 
imperfection in the x-w coordinate system, as shown 
in, the uplift amount of pipeline with initial 
imperfection can be given as: 

𝐸𝐸𝐸𝐸 𝑑𝑑4

𝑑𝑑𝑑𝑑4
�𝜔𝜔 − 𝜔𝜔𝑝𝑝� + 𝑁𝑁 𝑑𝑑2𝜔𝜔

𝑑𝑑𝑥𝑥2
+ 𝑞𝑞 = 0 (6)
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Figure 3. Upheaval buckling of pipeline with initial imperfection [19] 

Table 2. Specification of different soil types 

The general effective download can be given as: 

𝑞𝑞 = 𝑞𝑞𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑞𝑞𝑠𝑠        (7) 

Where: 

𝑞𝑞𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝= Pipe submerged weight 

𝑞𝑞𝑠𝑠= Uplift resistance of the cover material 

Where: 

𝑞𝑞𝑠𝑠 = 𝛾𝛾𝑐𝑐 �𝐻𝐻𝐷𝐷𝑜𝑜 −
𝜋𝜋
8
𝐷𝐷𝑜𝑜2 + 𝐻𝐻2𝑡𝑡𝑡𝑡𝑡𝑡𝜑𝜑𝑐𝑐�𝑔𝑔   (8) 

𝑞𝑞𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑚𝑚0𝑔𝑔       (9) 

Where: 

𝐷𝐷𝑜𝑜= Overall outside diameter including coatings 

c= Submerged weight of burial material per unit 
volume, 1023 kgm3 in this paper 

g= Acceleration Due to Gravity 

H= Minimum height of the cover soil measure between 
the pipe centerline and the seafloor 

m0= Submerged mass per unit length of the pipeline 
Then allowable temperature rise may be calculated 
with the equation. 
𝑁𝑁𝑜𝑜 = 𝜋𝜋

4
𝐸𝐸𝛼𝛼𝑠𝑠�𝐷𝐷𝑒𝑒2 − 𝐷𝐷𝑖𝑖2�∆𝑇𝑇 + 𝜋𝜋

4
(1 − 2𝜗𝜗)(𝑝𝑝𝑖𝑖𝐷𝐷𝑖𝑖2 −

𝑝𝑝𝑜𝑜𝐷𝐷𝑒𝑒2)      (10) 

This modeling is focused on the effect of soil 
specification on upheaval buckling. To achieves this 
aim, seabed is modeled with different types. Table 2 is 
shown the specification of used soils. 
Temperature plays important role in upheaval 
buckling. In this study, the effect of temperature 
difference is evaluated for different types of soil. 10 
difference temperature is considered for this 
evaluation. 50 ℃ to 110 ℃  is the range of mentioned 
temperature.  
In this study, the aim is the evaluation of the influence 
of soil characteristics on upheaval buckling. In this 
study, the soil is modeled as spring. The task of these 
springs is to react like soil against forces.  

3.1. Results 
Figure 2 shows the critical stress increase due to 
increasing of difference temperature. Figure2 describes 
this process for the different type of soils. According to 
soil characteristics which is shown in Table 1 and 
Figure. 2, the critical stress increases due to the soil 
cohesion increasing. According to the comparison 
between the curve of clay and muddy clay, soil 
cohesion is more effective parameter than soil angle 
friction of the soil. 
Also, the slope of curves increases due to increasing of 
angle friction. In other words, the effect of difference 
temperature on the upheaval buckling increases due to 
increasing of angle friction. 

Parameters Clay Mudd
y Clay 

Silty 
Clay 

Reclaime
d Sand 
(RS) 

Drainag
e  
Coarse 
Sand 
(DCS) 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 (𝐾𝐾𝐾𝐾 𝑚𝑚2� ) 17.8
4 

18.15 18.3
2 

19.64 20.71 

𝜗𝜗 0.30 0.35 0.30 0.28 0.25 
𝐶𝐶 (𝐾𝐾𝐾𝐾𝐾𝐾) 11 9 12 0 0 
∅ (°) 14 15 18 28.9 32 
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Figure. 2. The critical stress of upheaval buckling for different soils 

Figure. 3. illustrates the maximum amplitude of 
upheaval buckling for different soils. As is shown in 
Figure. 3, the buckle amplitude increases due to 
increasing of soil cohesion in clay soils and the buckle 
amplitude increase due to increasing of friction angel 

in sand soils. According to distance between curves, the 
effect of temperature difference due to friction angel 
increasing in sandy soils is more than clayey soils. 
Also, the curve slope is constant for different soils.  

Figure 3. The maximum amplitude of upheaval buckling for different soils. 

Figure 4 illustrates the critical temperature of upheaval 
buckling for different soils. As is shown in Figure 4, 

the slope of curves decreases due to increasing of 
friction angel of soil. In other words, the temperature 

2

2.3

2.6

2.9

3.2

3.5

3.8

4.1

4.4

4.7

5

45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

Cr
iti

ca
l S

tr
es

s (
𝑁𝑁
⁄𝑚𝑚

^2
 )

Temperature Difference (c)

Clay Muddy clay Silty clay Reciaimed Sand DCS

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

M
ax

im
um

 A
m

pl
itu

de
 b

uc
kl

e 
(m

)

Temperature Difference (c)

Clay Muddy Clay Silty Clay RS DCS



Abdolrahim Taheri, Mehdi Tasdighi/ Evaluation of the Soil Properties Effect on Upheaval Buckling of Subsea Pipelines 

34 

difference is not effective on critical temperature in 
soils with high friction angel. 

Figure 4. The critical temperature of upheaval buckling for different soils

5. Conclusions
• The critical stress increases due to the soil

cohesion increasing
• Soil cohesion is more effective parameter than

soil angle friction of the soil.
• The effect of difference temperature on the

upheaval buckling increases due to increasing
of angle friction.

• The buckle amplitude increases due to
increasing of soil cohesion in clay soils and the
buckle amplitude increase due to increasing of
friction angel in sand soils

• The effect of temperature difference due to
friction angel increasing in sandy soils is more
than clayey soils

• The temperature difference is not effective on
critical temperature in soils with high friction
angel.
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This research presents a model for prediction of tidal currents in shallow sea areas. This 

hydrodynamic model is based on the solution of shallow water equations. Also contains 

effects of earth rotation, topographic changes, and influences of bottom friction. One of 

the results of solving these equations is the dispersion relation of tidal wave in the study 

area by which the wave number of each tidal constituent is obtainable. Finding velocity 

and direction of tidal currents is among other results of solving these equations. Thus, 

for low-amplitude waves in shallow water, the direction and velocity of tidal currents 

can be calculated hourly and on different days throughout the year. In order to facilitate 

calculations, a computer program was written in C++ programming software by which the 

tidal currents in the Strait of Hormuz have been computed at different times and the 

results have been diagrammed accordingly. This research indicates that the average 

velocity of tidal currents at the sea surface of the Strait of Hormuz during Spring tide is 

0.35 m/s and ranges between 0.02 m/s - 1.7 m/s. The maximum tidal current velocities 

occur in shallow coastal waters, whereas in other areas these values are lower. As a result, 

the range of tidal currents in the Strait of Hormuz is more than that of the Persian Gulf. 

In addition, results showed that the tidal current direction upon entrance and exit in the 

Strait indicates the anticlockwise circulation of currents in the Persian Gulf.  

Keywords: 

Tidal current, Strait of Hormuz, 

Hydrodynamic model, Shallow 

water, Persian Gulf 

1. Introduction
The Persian Gulf in South of Iran is connected to the

Oman Sea and Indian Ocean through the Strait of

Hormuz with a width of 60 km [1]. Today, this strait is

one of the world’s most sensitive and vital waterways.

This strait is crescent-shaped 187 km long with a

minimum width of around 55km from Ras Qabr al

Hindijn in the North-East of Oman Peninsula to the

mouth of the Gaz River in Iran and its medium width

from Bandar Abbās in Iran to Ra’s-e-Shurit in the

North of Oman is about 187km. Its depth, due to the

sharp slope of the Strait floor, varies from north to

south and is about 36 m near Larak Island while in the

southern coasts near Musandam Island, Oman, ranges

between 180 to 200 m. The deepest point in the Strait

is a pit with 223m depth, which is located 45 km North

of Musandam Island.

The Strait of Hormuz as an international strait which is

located between Iran and Oman is economically and

strategically important. The narrowness of the Strait

and existence of several islands and littoral elevations

in the vicinity of marine routes make meeting the 

security requirements of the oil tankers and trading 

vessels passing through the Strait of Hormuz an 

internationally important issue [2]. Mehrfar etal using 

COHERENS model as a three dimensional 

hydrodynamic model to address the coastal currents in 

the western Persian Gulf. The obtained results 

suggested that Iranian northwestward coastal currents 

developed from January to April and experienced their 

maximum intensity from June to August when the rate 

of the surface inflow current increases through the 

Strait of Hormuz and the stability of the seasonal 

thermocline becomes gradually stronger [3].  

Pous et al. (2015) concluded that thermohaline 

structure and circulation also vary on intraseasonal 

timescale, induced by the high-frequency tidal and 

atmospheric forcings [4]. Mehrfar et al as result of the 

simulation by three-dimensional hydrodynamic model 

(COHERENS) showed a coastal jet stream with a speed 

rate of 30 cm/s from May to October [5].  
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Le Provost suggested a model for tides at Kuwait 

coastlines and tidal charts and velocity diagrams of the 

tidal currents in the Persian Gulf were generated, 

accordingly. The velocity of tidal currents is mostly 20 

cm/s and won't exceed more than 0.4 m/s. It is 

intensively influenced by the coast topography and 

seabed type. According to his model, all the predicted 

tidal currents in the medium water depth have 10 cm/s 

error and for the maximum tidal range, the current 

velocity ranges between 1-2 m/s [6]. 

 Lardner et al calculated the current driven by average 

monthly wind drift and density gradient for the surface 

and bottom of the Persian Gulf. As held by this 

research, these currents in the Persian Gulf rotate 

anticlockwise and in the South-Eastern coasts have the 

highest values. In Iranian coasts these currents at the 

sea surface and at the near bottom are about 0.05 m/s 

and 0.04 m/s, respectively. Also, in Iranian coasts of 

the Persian Gulf the maximum current generated by 

average monthly wind drift in June at the sea surface is 

almost 0.085 m/s and bottom are 0.1 m/s [7]. 

Floating vessel registers have recorded that there are 

currents along the Iranian coasts towards the northwest 

with velocities higher than 0.1m/s. These currents tend 

to flow in 51.5 E ° direction (near shore) and change 

their direction toward the south west of the Gulf away 

from Iranian coasts [8, 9]. According to Torabi Azad a 

numerical model for mesoscale motion in the Persian 

Gulf presented and concluded that the average annual 

surface currents in the Persian Gulf are between 

0.075m/s to 0.1875 m/s [10]. Based on a nonlinear 

barotropic model for the study of water circulation by 

wind pressure and tide in the Persian Gulf, was found 

that the velocity distribution in the Persian Gulf is in a 

way that water circulations with higher velocities 

belong to shallow areas and occur along the coastline. 

Also, the topographic effects of the Persian Gulf upon 

nonlinear barotropic currents are highly significant 

[11]. Teubner et al presented a model that predicts tidal 

elevations and current velocities which is developed 

and applied to the Persian Gulf. The model uses finite 

difference techniques applied to two- dimensional 

spherical coordinate equations that govern tidal 

movement in coastal regions. Because of the 

importance of the Gulf to the shipping and fishing 

industries, it is necessary to be able to predict tidal 

elevations and flows at many near shore lines. 

However, due to the size of the Gulf, it would be 

impractical to use a very fine finite difference grid over 

the whole Gulf. Thus, a technique is developed for 

nesting a fine grid within a coarse grid, so that 

important areas can be modeled more accurately [12]. 

The purpose of this study is to provide a method for 

computing direction and magnitude of a tidal current 

and describing the effect of depth upon these quantities. 

The effects of the rotation of the earth and bottom 

topography are also included in this model.  

Results of this research can be used to study effect of 

tidal currents upon sedimentation and erosion of 

coastal areas and tidal rivers of the region studied. 

Furthermore, in designing coastal structures, taking the 

direction and velocity of tidal currents into 

consideration is important.  

2. Governing Equations
The current can be described by governing equation of

force per unit mass (momentum equation) and the

continuity equation [13]. These equations are as

follows: 

++−−= gUP
dt
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++= is vector velocity ,    is

the water density, 


 is the angular velocity vector of 

earth, g


is acceleration of  gravity,  is the other 

effective forces which is bottom friction here, P  is 

pressure gradient and d/dt is the substantial operator 

.Parametric condition which is characterizes shallow- 

water theory  ( 1
L

H
) in study area is considered, sea 

water is incompressible (∇⃗⃗ . 𝑈⃗⃗ = 0), the fluid is

barotropic    ( 0=



=





yx


), tidal waves are small 

amplitude ( 0H ), the bottom friction is assumed as 

H

U
k wb




 = , where k' is the bottom friction 

coefficient and equals 75×10-4 m/s [11].  Also, depth 

variation is taking net in to consideration. In above 

assumptions, H   is mean water depth, L is wavelength 

of tidal constituent,  is the amplitude of tidal 

constituent, and H is station depth from mean sea

level. 

According to the above assumptions tidal waves are 

small amplitude waves moving in shallow water. 

Further we suppose u and v (velocity components of 

East -West and North - South direction) are small 

enough that
HH

H UU
t

U 






. . Also, from the 

dimensional analysis 0. = U


 it can be concluded 

that, there is no need to calculate the vertical velocity 

component because it can be ignored compared with 

the values of other components.  

The primary expansion of the governing equations is as 

below:  
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Where f is Coriolis parameter, (u, v, w) are the velocity 

components in the eastward (x), northward (y) and 

vertical (z) directions respectively. From the z 

component of above equations (3) the pressure relation 

can be obtained in terms of the depth and from that the 

pressure displacement can be related to the 

displacement of oscillation dimension of the tidal 

constituents. Considering the above assumptions and 

explanations, a partial differential equation system is 

obtained as follows: 
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The Solutions (4) maybe sought in form of a plane 

wave. i.e [14]. 
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                  Where   is the tide height due to a particular 

constituent and its phase is tlykx .−+ ,   

jlikK
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+= is wave propagation vector, k and l are

wave vectors of each tidal constituent in North - South 

and East –West directions, respectively. K is wave 

number vector; σ is the angular velocity of the tidal 

constituent.  

If (5) is substituted in (4) after some manipulation, 

yields the dispersion relation for each tidal constituent 

is as follows: 
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The velocity component is parallel to wave propagation 

vector ||u and velocity component is perpendicular to

the wave propagation vector ⊥u are as follows:
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in (5) and applying in (9) and (10) [15]. Where ƒ ' is 

knot factor, whose value for each day should be taken 

from tide tables and can be used as a coefficient for the 

correction of the amplitude, Vθ is the astronomical 

argument which is printed for important constituents 

such as Admiralty Tide Table [16]. T is period of tidal 
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constituent, g' is the phase delay which is calculated 

regarding the tidal observations. 

The utilized depth values are extracted from the depth 

maps of the Geography Organization of the Army and 

the amplitude and Greenwich phase delay of each 

station are extracted from the co-tidal maps of the 

Cartography Organization of Iran [17]. In order to 

made the calculations a computer program was written 

in C++ and was run in two stages: 

A) At the first stage, by the use of the

instructions available in Admiralty Tide

Tables, a computer program is written to

help interpolate the knot factor and

astronomical arguments for each

constituent in the related region [16, 17].

The output of the present program will be

an input file for the second program.

B) At the second stage, by the use of what we

described before a program is written

whose output will be the velocity and

direction of the tidal flow.

3. Results and Discussion

In order to verify the equation result and also output of 

current velocity which has determined by computer, the 

output of this program is going to compare and study 

with the existent data. This study was done in two steps: 

a) Prediction of current in a station in the Strait

of Hormuz and comparison with the field

study measurements.

b) Prediction of current in two stations with

different depths and compare the results by tidal

theory.  Location of study stations are presented in

figure 1.

Figure 1. Position of Strait of Hormuz and study stations 

1-3 Prediction of current at a station in Strait of

Hormuz in accordance with the field Current 

measurement 

For this step, station 1 were considered in the Strait of 

Hormuz, then the output mean velocity of prediction 

program, with the mean velocity of field Current 

measurement in this station has been compared. It's 

necessary to mention those current meters are floated 

half meter from the water surface (Table 1). Program 

outputs with the mean velocity which obtained from 

computer program running are shown in Table 2. The 

mean velocities in table 1 and 2 have been compared 

with each other. It is remarkable that there is a 

significant difference between two mean velocity 

measures in these stations which caused by current 

meters floating or currents arise by wind, currents arise 

by different density and rivers discharge in this area. 

The difference between two average velocities can be 

due to the instrumental errors in field measurements or 

the approximations used in the calculation of tidal 

currents.  

2-3 Prediction of current in stations with variation

depths and results comparison by tidal theory 

In this step, current variations with depth in stations 1 

and 2 near the shore has been studied, the depth was 

less than 20m. In other hand the output program verify 

with the tidal theory has been checked (Table 3and 4).  
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Table 1. Information of current monitoring

Time specification of current metering Longitude (Deg) Latitude (Deg) Velocity (cm/s) 

6 Feb 2006, 9 A.M. total time 15 hour 56.19 E 26.39 N 14.93 

Table 2. Prediction of tide characteristics in station 1 

Longitude (Deg) :56.18 E  Latitude (Deg) :26.41 N  Depth (m) :85.73  Velocity (cm/s) :16.58 

M2 S2 K1 O1 

Amplitude(

m) 
Phase(deg) 

Amplitude

(m) 
Phase(deg) 

Amplitude

(m) 
Phase(deg) 

Amplitude

(m) 
Phase(deg) 

0.71 313.5 0.25 357 0.25 75 0.2 69 

Table 3 Tide characteristics of station 1 

Tidal constituent Amplitude (m) Greenwich delay phase (Deg) 

M2 0.93 312.56 

S2 0.3 356.59 

K1 0.3 69.31 

O1 0.2 56.94 

Table 4.  Tide characteristics of station 2 

Tidal constituent Amplitude (m) Greenwich delay phase (Deg) 

M2 0.91 309.33 

S2 0.3 342.07 

K1 0.3 64.75 

O1 0.2 50.25 

Characteristics which mentioned in Table 3 are the 

inputs of program. Current for 25th of January 2016 at 

surface of water is predicted. So, the magnitude and 

current direction can be individually studied. Figures 2 

and 4 shows time variation of current magnitude 

respectively at two stations 1 and 2 that predicted by 

the model. It is expected that as tides are due to a 

harmonic force, changes in water height as well as 

changes in current velocity are harmonic. Figures 3and 

5 shows time variation of current direction respectively 

at two stations 1 and 2 that predicted by the model. 
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Figure 2. Time variations of current magnitude at sea surface (station 1) 

Figure 3.  Time variation of Current direction at sea surface (station 1) 

Figure 4.   Time variations of current magnitude at sea surface (station 2) 
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Figure 5. Time variation of Current direction at sea surface (station 2) 

It is considering that current vector is parallel with the 

strait axis or west - east axis in maximum hours of a 

day and also current direction is changing when spring 

tide shift to neap tide. If this program runs for deeper 

stations, it is found that in these stations, has a high 

difference between tidal theory and model results. 

Thus, by calibration in selected stations and change of 

friction coefficient, it can be possible model results 

approach to result of theory. 

Results of this model have been shown a good 

precision of tidal currents at upper layer and sea 

surface. Subsequently, by this program the tidal current 

for the surface of the Strait of Hormuz will be 

predicted. For this purpose, an area measuring 200 km 

in length and 100 km in width was chosen so that it 

encompassed the Strait of Hormuz. Then, at every five 

kilometers a station was chosen and the characters of 

each station including the station’s longitude and 

latitude, depth and tidal characteristics were saved in a 

file which later served as the input of the computer 

program. The output of the compiled program was 

made ready by Excel software, so to use of Surfer 

software we can draw vector field of tidal current. Tidal 

current vectors at water surface in several times on 27the 

June 2017 are shown in figures (6) to (9). 

One may notice that 27the June 2017 is beginning time 

of lunar moon which maximum tide happens, so it is 

expected that the maxima tidal currents exist in this 

time. Also, the program was run in each 6 hours 

according to semidiurnal period of tide. 

Figure 6. Tidal current vectors (m/s) at 6:00 a.m., 27.6.2017 

Figure 7.  Tidal current vector (m/s) at 12:00 p.m., 27.6.2017 
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Figure 8. Tidal current vector (m/s) at 18:00, 27.6.2017 

Figure 9. Tidal current vector (m/s) at 23:00, 28.6.2017 

The predicted of tidal currents indicates that when the 

flow enters the Persian Gulf through the Strait of 

Hormuz, it deviates towards North-West and during 

leaving the Gulf it is flowing toward North-West. This 

result is compatible to Raees al-Sadat and which are 

consistent with the results of Sabbagh Yazdi and 

Mashayekh Poul [1, 18 and 19]. 

Tidal currents upon leaving the Strait of Hormuz and 

when reach to shallow Eastern regions and return 

coastal currents, has flow almost along the coastline. 

This result is also compatible with research done by 

Khaleghi Zavareh in 1994 [11]. 

Both from the predicted values and the figure of tidal 

currents, it is deducted that stronger currents are in 

shallow areas, a fact which had verified by the relevant 

previous studies. Mean velocity of tidal currents at the 

surface of Strait of Hormuz and during the first 12 

hours of a month is 0.35 m/s and in average its velocity 

varies between 0.02m/s to 1.7 m/s. The maximum of 

these current velocities occur in shallow coastal areas. 

Based on researches done in the Persian Gulf; currents 

vary from 0.0017m/s to 0.15 m/s [10, 20]. Therefore, 

the range of velocity of tidal currents in the Strait of 

Hormuz is higher than that of the Persian Gulf. 

Furthermore, it is observed that at the center of the 

Strait of Hormuz tidal currents are parallel with the 

Strait’s axis and velocity vectors are also parallel with 

each other. The analysis of current data shows that semi 

diurnal tide is the main constituent. Hence this 

component was removed to consider the residual 

components due to wind and buoyancy typical deep 

tidal current is about 30-40 cm/s while the surface tidal 

current can reach 112 cm/s and the residual current 

range from 4.5-7.6 cm/s. In research Stations of Strait 

of Hormuz, residual current magnitude in winter 5 cm 

/s is smaller than the spring rate 8 cm/s.  The effects of 

tide on currents in the Strait of Hormuz at consider 

stations have been shown. By moving from the center 

towards the north coasts of Strait of Hormuz increasing 

the speed of tidal currents. Residual currents are 

influenced by wind and density differences and moves 

from the north of Strait of Hormuz into the Persian 

Gulf. This current movement speed is lower in winter 

than in spring. Lardner and et al the monthly mean wind 

driven current and density gradient current was 

investigated for Persian Gulf and speed of currents 

close to the coast of Iran at surface 0.05 m/s to about 

0.04 m/s in bottom was estimated [7].  

4. Conclusions

A model has been made to predict the tidal currents in 

the Strait of Hormuz. This model uses the shallow 

water equations and assumes that tidal waves are small 

amplitude waves. The solutions of governing equations 

sought in form of a plane wave, and this leads to 

dispersion relation for each tidal constituent. The 

model is run for magnitude and direction of tidal 

currents in Strait of Hormuz in day that maximum 

amplitude of tide happens in 2017. Model results show 

that mean values of tidal currents at sea surface varies 

between 0.02 m/s to 1.7 m/s. 

Current vectors being parallel to the flow axis in the 

center of Strait of Hormuz indicate that tidal currents in 

the Strait have similar characteristics with currents in 

narrow channels. It is found that of this study, 

maximum tidal currents are related to coastal areas and 

the tidal circulation in the Strait of Hormuz is 

anticlockwise. 
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Evaporation is one of the most important quantities in the marine climate, and in the 

Persian Gulf, this parameter makes it one of the saltiest free waters in the world. 

Evaporation estimation is essential for water balance studies, irrigation, and land resource 

planning. Persian Gulf is known as shallow water and therefore has a high temperature in 

summer, which increases the rate of evaporation and high salinity up to 50PPT. In this 

study, the effect of wind speed and direction on the rate of evaporation in the Persian Gulf, 

assuming that there is no water inflow into the basin, was investigated using numerical 

modelling. Mike model is based on the three-dimensional solution of the Navier Stokes 

equations, assumption of incompressibility, Boussinesq approximation, and hydrostatic 

pressure. The effects of wind on evaporation at four different wind speeds and four 

different wind directions have been investigated. Results show the wind direction has little 

effect on evaporation, but wind speed has significant changes on evaporation rate and water 

level, and these changes are nonlinearly related to water temperature so that in summer the 

evaporation rate increases faster with increasing temperature. 
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1. Introduction
Evaporation estimation is essential for water balance

studies, irrigation, and land resources planning. There

are different methods for estimating and measuring

evaporation rates. These methods can be divided into

several categories: 1- Experimental [1], 2- Water

budget [2], 3- Energy budget [3], 4- Mass transport [4],

5. Combined [5]. Studies show that meteorological

factors such as pressure gradient, wind speed, and

temperature have the greatest effect on evaporation.

The evaporation rate is calculated using the Bulk

method as follows [6]:

𝐸 = 𝐾(𝑒𝑤 − 𝑒𝑎)𝑤                                                                  (1)

Where E is the evaporation in mm/day, K = 10.137 ×

10-2, ew is the saturated vapor pressure at water

temperature, and ea is the vapor pressure at air

temperature. These two parameters are calculated as

follows [7]:

𝑒𝑎 = 6.112 × exp⁡(
17.67𝑇

273.15+𝑇
)  (2) 

𝑒𝑤 = 𝑒𝑎 × 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦  (3) 

The Persian Gulf is semi-enclosed and shallow water 

that results from continuous deposition in a once-deep 

basin [8]. The length of the Persian Gulf is about 1000 

km in the northwest-southeast direction, the maximum 

width is 338 km and the minimum width is 56 km in 

the Strait of Hormuz, which has an approximate area of 

3.39×105 Km2. The coastal topography of the Persian 

Gulf on the periphery of the countries shows the 

following features: While the coasts of Iran are 

mountainous, the coasts of the Arab countries are 

mostly flat deserts, except around the Strait of Hormuz, 

which has a high and rocky topography on the 

Musandam Peninsula. Depth measurement of the 

Persian Gulf also shows asymmetry, so that a 

depression extends from the Strait of Hormuz to the 

northwest along the coast and a shallow coastal area 

with a depth of fewer than 20 meters in the southwest 

of the Persian Gulf (Figure 1). With an average depth 

of 35 meters and a maximum depth of 110 meters in the 

Strait of Hormuz, the Persian Gulf bed falls quickly 

from the Strait of Hormuz without any significant 

effects and reaches a depth of 2000 meters in 200 

kilometers inside the Oman Sea [9]. 

Figure 1. Map of the Persian Gulf region 
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Persian Gulf water is one of the saltiest bodies of water 

in the world's oceans. This water comes out of the deep 

areas of the Strait of Hormuz and creates a kind of 

reverse estuaries due to the way water is exchanged. As 

the water leaves the strait, less saline water enters the 

Persian Gulf from the Oman Sea, diluting it. The 

outflow waters of the Persian Gulf reach a neutral 

buoyancy level at depths of 200 to 350 m and are 

released horizontally as the saltiest groundwater in the 

North Indian Ocean [10, 11, 12, 13]. The waters of the 

Red Sea and the Persian Gulf together provide high 

salinity intermediate waters at 900 m above the Indian 

Ocean [11]; thus, similar to other sub-marine and 

marginal seas such as the Red and Mediterranean Seas, 

the Persian Gulf, as a dense basin, is responsible for 

supplying subsurface saline waters in the open oceans. 

Due to the region's high air temperatures and its arid 

climate, evaporation in the Gulf is high. Previous 

studies on heat fluxes in the Persian Gulf provide 

mixed answers for the amount as well as times of 

maximum and minimum evaporation rates in the Gulf. 

There are several studies of heat fluxes in the Persian 

Gulf. Privett reported maximum evaporation rates of 

0.0036 Sv (1 Sv = 106 m3/s) in December and 

minimum rates of 0.00049 Sv in May with an annual-

mean evaporation rate of 0.011 Sv [14]. Hastenrath and 

Lamb used a climatic atlas of the Indian Ocean and 

estimated monthly evaporation rates for the Persian 

Gulf [15]. The values as well as the time of occurrence 

of maximum and minimum evaporation estimated by 

these authors are in agreement with Privett. According 

to these authors, evaporation of 29.3 cm/month occurs 

in June and a minimum value of 8.1 cm/month is found 

in February, with an annual mean of 20.16 cm/month 

for that area. Xue and Eltahir estimate that the Gulf acts 

as a sink of heat for the atmosphere (+3 W/m2) and the 

annual evaporation from the Gulf is 1.84 m/yr [16]. 

It is difficult to consider all the components affecting 

evaporation in the hydrological cycle, to study their 

effects and the extent of the impact of each. In this 

study, the effect of wind speed and direction on the rate 

of evaporation in the Persian Gulf is investigated, 

assuming that there is no water inflow into the basin. 

Because observational data are limited, previous 

estimates of water and heat budgets are highly 

uncertain. This large defect has attracted the attention 

of climatic and hydrological studies. The values of 

previous studies related to surface heat flux from 

incoming flux + 66 W/m2 to the lost flux-21 for the 

Persian Gulf have been reported. This uncertainty 

leaves many questions and causes the water exchange 

rate to be reported from 1.4 to 2.1 m/year. As shown in 

relation (1), one of the factors affecting evaporation is 

wind speed, which changes the rate of evaporation 

linearly, but when these changes are accompanied by a 

change in temperature according to relations (2) and 

(3), it will become nonlinear. In other words, the effect 

of wind in different seasons causes the evaporation rate 

to be different. In this study, the effect of wind speed 

and direction on the change of water level and 

evaporation rate due to seasonal changes in 

temperature will be investigated. 

The evaporation rate directly affects the salinity of the 

Persian Gulf, which is one of the most important and 

influential parameters in the circulation of the Persian 

Gulf. The circulation in the Persian Gulf is a cyclonic 

circulation that is primarily caused by the density 

difference between the Gulf of Oman and the Persian 

Gulf, and this density difference is affected by the 

salinity difference between the two basins [17, 18, 19]. 

In oceanic numerical modeling, evaporation is usually 

considered as an input in the form of latent heat flux. 

Therefore, accurate determination of this parameter 

leads to more accurate modeling results. On the other 

hand, direct measurement of evaporation is impossible 

due to the exchange of Persian Gulf water with the 

Oman Sea and the data of meteorological stations near 

the Persian Gulf cannot be cited because the 

mechanism of measuring evaporation in these stations 

is different from how seawater evaporates, And only 

perhaps can seasonal variations of this data be cited 

under certain conditions. 

2. Method
Equations In this research, JEBCO topography data

with an accuracy of about one kilometer have been

used. Then, in the Mesh Generator section of Mike

software, an irregular and triangular computational

network of 10699 elements and 6196 nodes were

created (Figure 2). The boundaries of the study area

were considered as land boundaries to prevent water

from entering the basin. Therefore, the equations are

solved by considering the heat-salinity forces and wind

stress and without considering the tide. In models that

are implemented with one of the finite element

numerical methods or finite difference, the stability and

convergence of the model depend on characteristics

such as time step, the distance of network nodes, etc. In

the hydrodynamics module of the MIKE program, the

CFL condition is also used for stability, which is as

follows:

𝐶𝐹𝐿 = (√𝑔ℎ + |𝑢|)
∆𝑡

∆𝑥
+ (√𝑔ℎ + |𝑣|)

∆𝑡

∆𝑦
      (4) 

Because the network used in the model is an 

unstructured network, the dimensions of each network 

cell are different, so the time step used to calculate the 

CFL value is between 0.01 and 30 seconds. Also, the 

critical CFL value is set to 0.8, and if the calculated 

CFL values for each of the network cells exceed this 

value, the model will crash. It should be noted that the 

critical CFL value is based on the default of the model 

and its value is determined by considering the highest 

flow velocity that can be observed in the seas. If the 

CFL value for all cells is less than 0.8 during the model 

run, the stability condition is met. 

Mike model uses the following equations to calculate 

evaporation. The latent heat can be written as [20]: 
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𝑞𝑣 = −𝑃(𝑎1 + 𝑏1𝑊2𝑚)

. (

exp (𝐾 (
1

𝑇𝑘
−

1

𝑇𝑤𝑎𝑡𝑒𝑟+𝑇𝑘
))

𝑇𝑤𝑎𝑡𝑒𝑟 + 𝑇𝑘

−

𝑅. exp(𝐾 (
1

𝑇𝑘
−

1

𝑇𝑎𝑖𝑟+𝑇𝑘
))

𝑇𝑎𝑖𝑟 + 𝑇𝑘
) 

(5) 

Where Pv=4370 J.°K/m3, K=5418°K, R is relative 

humidity, Tk=273.15°K is the temperature at 0°C, 
Twater and Tair are the temperatures water and air 
respectively. During cooling of the surface the latent 
heat loss has a major effect with typical values up to 
100 W/m2. 
The wind speed, W2, 2 m above the sea surface is 
calculated from the wind speed, W10, 10 m above the 
sea surface using the following formula: assuming a 
logarithmic profile the wind speed, u(z), at a 
distance z above the sea surface is given by 

𝑢(𝑧) = ⁡
𝑢∗

𝜅
log⁡(

𝑧

𝑧0
)                                                                (6)

Where u∗ is the wind friction velocity, z0 is the sea 
roughness⁡and⁡κ=0.4⁡is⁡von⁡Karman’s⁡constant.⁡u∗ 
and z0 are given by 
𝑧0 = 𝑧𝐶ℎ𝑎𝑟𝑛𝑜𝑐𝑘𝑢∗

2/𝑔  (7) 

𝑢∗ =
𝜅𝑢(𝑧)

log⁡(
𝑧

𝑧0
)

   (8) 

Where zcharnock is Charnock parameter. The default 

value is zcharnock=0.014. The wind speed, W2, 2 m 
above the sea surface is then calculated from the 
wind speed, W10, 10 m above the sea surface by 
solving Eq. (7) and Eq. (8) iteratively for z0 with 
z=10m and u(z)=W10. Then W2 is given by 

𝑊2 = 𝑊10

log⁡(
2

𝑧0
)

log⁡(
10

𝑧0
)

𝑊10 > 0.5𝑚/𝑠
(9) 

𝑊2 = 𝑊10 𝑊10 ≤ 0.5𝑚/𝑠
The heat loss due to vaporization occurs both by wind 

driven forced convection by and free convection. The 

effect of free convection is taken into account by the 

parameter a1 in Eq. (5). The free convection is also 

taken into account by introducing a critical wind 

speed Wcritical so that the wind speed used in Eq. (9) is 

obtained as W10=max(W10,Wcritical). The default value 

for the critical wind speed is 2 m/s. 

Table 1 shows the different scenarios that have been 

considered. The effects of wind on evaporation at four 

different velocities and four different wind directions 

have been investigated. The accuracy of the model 

results is checked based on the change of water level 

under standard conditions. The prevailing wind in the 

Persian Gulf, according to most studies [21, 22], is the 

Shamal wind, which blows from the northwest during 

the year, and the speed of 5 meters per second is the 

average speed that can be considered for this wind 

during a year. Implementation of the model taking into 

account these conditions should lead to a reduction of 

1.3 to 2.2 meters of water level due to evaporation in 

the Persian Gulf, as mentioned in previous studies [22]. 

Therefore, if under these special conditions the amount 

of evaporation or reduction of Persian Gulf water is in 

this range, we can ensure the accuracy of the results 

obtained. Of course, it must be said that because 

evaporation is usually one of the input parameters of 

models, in some modelling is considered as a variable 

parameter; That is, it must be corrected to lead to 

temperature and salinity output with minimal error. 

Table 1. Different scenarios to investigate the effect of wind on 

evaporation 

Dependent 

Variable 

Number of 

Test 

Independent Variables 

Evaporation 

Wind 

Speed 

(m/s) 

Wind 

Blowing 

Direction 

(deg) 

1 5 270
2 5 0 
3 5 90
4 5 180 
5 8 270 
6 2 270 
7 12 270 

3. Results and Discussion
Number The output of the model including evaporation

rate and water level at three different points in the basin

has been studied under different scenarios. The

coordinates of these three points are specified as

stations 1, 2, and 3 in Figure 3. Figure 4 shows the

water level changes due to the change in wind

direction. As can be seen, the change in wind direction

did not have a significant effect on the change in water

level, and for all directions, the water level decreased

by more than two meters during the year. Figure 5 also

shows the changes in evaporation rate per change of

wind direction, and as we see in stations 1 and 2, there

is no significant difference between changes in

evaporation rate per change of wind direction, but in

station 3 at the end of the one-year period there is little

difference. It exists between different directions and

has a higher evaporation rate per 180° wind angle.

As can be seen, the water level has decreased by

approximately 2.2 meters during one year of the model

running. Although this value is within the allowable

Figure 2. The network used in the model 
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range, it seems that the average speed of 5 m/s 

throughout the year causes maximum evaporation, 

which can be better judged by the results that are 

examined at different speeds. Note that the model of 

Kampf and Sadrinasab has an evaporation rate of 1.8 

m/year that is larger than observations [17]. The rate of 

evaporation minus precipitation in the modeling study 

of Yao and Johns (from 1.2 to 1.43 m/year) [23]. 

In studies about the investigation of evaporation in 

water basins, as well as the equations that exist to 

calculate evaporation, only wind speed is considered 

and wind direction has no role. In the results of this 

section, the effects of wind direction change on 

evaporation are not observed and the reason is that the 

distinction between different wind directions is not 

included in the model evaporation calculations. 

However, physically, basins such as the Persian Gulf, 

which are limited to the mountainous areas in Iran from 

the north and to the desert areas in Saudi Arabia from 

the south, have different wind directions that transfer 

moist air masses to different areas. This can be 

accompanied by a change in relative humidity over the 

water basin. 

Figure 3. Location of Stations 

Figure 4. Water level changes due to the change in wind 

direction at (a) station 1, (b) station 2, (c) station 3 

Figure 5. Evaporation rate changes due to the change in wind 

direction at (a) station 1, (b) station 2, (c) station 3 
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Figure 6 shows changes in water level due to changes 

in wind speed. Contrary to the wind direction, wind 

speed has a significant effect on water level, so that by 

increasing the wind speed from 2 to 12 m/s, the water 

level decreases by about 4 times. Figure 7 shows the 

changes in evaporation rate due to changes in wind 

speed, and it can be seen that in winter, when the 

surface water temperature is low, the change in wind 

speed has no significant effect on changes in 

evaporation rate, but in summer with increasing Water 

surface temperature, evaporation rate has increased 

significantly with increasing wind speed. Figure 8 also 

shows the surface temperature in winter and summer 

and shows that the temperature difference in most 

places is more than 10 degrees. the SST is as much a 

reflection of the surface flux as being a forcing of the 

flux in a shallow water system, the high-frequency 

variability of the SST must be resolved (using a 

coupled model) to be consistent with the response time 

scale of the local air–sea feedback process, otherwise 

systematic biases may occur [24]. 

Yu and Weller analyzed the trend relationship between 

latent evaporation and SST using the OAFlux products. 

They found that the linear trend patterns in the two 

variables are very similar, suggestive of the 

atmospheric response to oceanic forcing. Also they 

reinforced the notion that the relationship between 

evaporation, wind speed and humidity is nonlinear and 

that SST is a forcing for changes in evaporation [25]. 

In Figure 8, the nonlinearity of the evaporation rate 

with the wind speed can be seen well, and according to 

the temperature change due to the change of seasons, 

temperature increase can be considered as a stimulus to 

increase evaporation. 

Yu examined the role of wind speed change in global 

changes in ocean evaporation. Using EOF analysis, he 

examined the yearly winter-mean time series of 

evaporation and related air-sea variables such as wind 

speed and humidity. The results showed the dominant 

role of wind force in evaporation and humidity. He 

hypothesized that the effect of wind on evaporation 

takes place in two ways. The first way is direct: the 

greater wind speed induces more evaporation by 

carrying water vapor away from the evaporating 

surface to allow the air–sea humidity gradients to be 

reestablished at a faster pace. The second way is 

indirect: the enhanced surface wind strengthens the 

wind-driven subtropical gyre, which in turn drives a 

greater heat transport by the western boundary currents, 

warms up SST along the paths of the currents and 

extensions, and causes more evaporation by enlarging 

the air–sea humidity gradients [26]. 

Figure 6. Water level changes due to the change in wind 

direction at (a) station 1, (b) station 2, (c) station 3 

Figure 7. Evaporation rate changes due to the change in wind 

direction at (a) station 1, (b) station 2, (c) station 3 
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Figure 8. Sea surface temperature in (a) Summer, (b) Winter 

4. Conclusions
Comparison of all figures shows that wind direction

changes have no effect on evaporation rate and water

level and its effects are very small; However, changes

in wind speed have a great effect on evaporation rate

and water level, especially in summer with increasing

water temperature, increase in evaporation rate and the

effect of wind speed is more, and this shows that

changes in evaporation rate with wind speed are

nonlinear. The decrease in water level also increases

with increasing temperature and this parameter is also

nonlinear and the higher the wind speed, the higher the

rate of evaporation and decrease of water level.

Evaporation is one of the most important quantities in

the maritime climate, and in the Persian Gulf, this

parameter has made this basin one of the saltiest open

waters in the world. Evaporation depends on factors

such as air temperature, wind, relative humidity, cloud

cover, etc. In this study, the effects of wind including

wind speed and direction on evaporation rate during

one year were investigated. The results showed that the

wind direction has little effect on evaporation but wind

speed has significant changes on evaporation rate and

water level and these changes are nonlinearly related to

water temperature so that in summer the evaporation

rate grows faster with increasing temperature. Of

course, perhaps the reason why the wind direction

effects were not well defined is that the model only

simulated marine parameters. To investigate the effect

of wind direction, it is better to couple the oceanic

model with a meteorological model and include a wider 

area including the areas around the Persian Gulf in the 

modelling basin. Past studies on evaporation rates have 

shown conflicting results from time to time; in other 

words, some researchers have found that evaporation 

rates are higher in summer and others in winter. 

However, in the study of Xue and Eltahir, the highest 

evaporation rate was obtained in November, although 

the summer average is higher than the winter [16]. 
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Sea waves are one of the main characteristics of water areas in the world, which are mainly 

produced by wind. Waves are the main boundary condition in the dynamic loading and 

hydraulic calculations of coastal structures. Numerical models are being developed to bring 

the sea and ocean conditions closer to the real conditions. In this research, the SW model 

from MIKE21 software is used to simulate wind waves in the Chabahar Bay and the energy 

extracted from these waves is estimated. The SW model simulates the growth, transmission 

and decay of wind waves in offshore and coastal areas. Chabahar Bay is a semi-closed and 

subtropical bay with an average depth of 7.5 m, which is located in the southeast of Iran. 

The model was implemented for a period of one year (2017) with a spatial resolution of 

maximum 5 km for offshore regions and less than 500 m in the interior parts of Chabahar 

Bay. ECMWF model wind data with a time step of 6 hours and a spatial resolution of 0.125 

minutes were used. Comparison of model results for hourly averages with measured data 

shows a correlation coefficient of 0.84 for significant wave height. The annually average 

and maximum of wave height due to wind in the entrance of Chabahar Bay is 0.82 m and 

2.19 m, respectively. The direction of the dominant waves is from south and the largest 

share of energy is related to waves with a period of around 11. The average of annual 

extractable power related to wind waves in the southern parts of Chabahar Bay was 

calculated from the order of 3 kW/m. 

Keywords: 
Chabahar Bay  
MIKE21-SW model 
Wave height 

Wave energy 

1. Introduction
Coastal areas are one of the most important national

areas of Iran; A significant volume of various activities

in various fields such as commercial, fisheries, oil,

industrial, environmental, tourism, etc. activities are

performed in these areas.  Unfortunately, due to the

lack of sufficient information and field data, achieving

long-term goals has not been possible. In some cases,

negative interactions in the hydrodynamic and

geomorphological process of the region reduce the

useful life of structures and ports. Waves are the most

important factor in determining the geometric position

and composition of beaches and also have a major

impact on the design of ports, waterways and other

coastal activities (Akbarifard et al., 2017). Sea waves

are one of the main characteristics of water zones in the

world, which are mainly produced by wind. Waves are

the main boundary condition in the dynamic loading 

and hydraulic calculations of coastal structures (Nayebi 

et al., 2014). In coastal engineering applications and 

construction of coastal and offshore structures, wave 

height is the most important parameter in design 

(Esmaili and Kohnepushi, 2013). Over the past few 

decades, various methods and models, including 

experimental relationships and numerical models, have 

been developed to establish a direct or indirect 

relationship between wind speed and wave parameters. 

The use of mathematical formulas in numerical models 

increase the impact of wind to achieve more accurate 

results in wave modeling. Therefore, the impact of 

numerical models on wind is very important and also 

the study of the impact of models on wind is very 

important (Mohamad-Mehdizadeh and Hassan Tabar, 

2017). Numerical models are being developed to bring 
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sea and ocean conditions closer to real conditions. 

Among the various methods, numerical-spectral 

models can be named as the most complex and, of 

course, the most accurate methods for estimating the 

characteristics of wind waves. In this regard, various 

third generation numerical models such as SWAN 

(Boij et al., 2009), WAM (Group, 1988) and 

WaveWatch-III (Tolman, 2014), which are based on 

solving the equilibrium equation of the wave density 

spectrum, are presented (Dezvare Rasani et al., 2019). 

MIKE21 software is one of the most applied and 

accurate software in hydrodynamic studies. The 

MIKE21 software package is a third-generation model 

for simulating hydrodynamic processes. The solution 

of wave energy equations is based on the finite volume 

method on irregular triangular networking (Salehpour 

and Haji Valiei, 2015). This model considers 

phenomena such as wave breaking, refraction, energy 

loss in the breaking zone and the effects of bed depth 

changes (Tavakoli Oskooi and Hakimzadeh, 2016). 

The Sea of Oman and its shores, due to their connection 

to the open waters of the world, have been considered 

in the past and present, and its proximity to the Persian 

Gulf has increased its importance. Chabahar is one of 

the southeastern cities of Sistan and Baluchestan 

province and the only ocean port in the country, which 

is located on the coast of the Oman Sea and the Indian 

Ocean, and its berth is capable of mooring ocean-going 

ships. Chabahar Bay is the largest bay on the shores of 

the Oman Sea. This Bay is classified as omega bays in 

geology due to its omega (Ω) shape (Afsharian et al., 

2010). Chabahar Bay is a semi-enclosed, subtropical 

bay (Fazeli and Zare, 2011). The average depth, area 

and volume of the Bay compared to the chart datum are 

7.5 m, 290 km2 and 2162×106 m3, respectively. Its 

width at the entrance (east-west) is 13.5 km and its 

length (south-north) is 17.5 km (Biglari et al., 2015). 

The Bay is affected by monsoon conditions 

(Soltanpour and Dibajnia, 2015). Monsoon, meaning 

season, is a system of winds that blow over the ocean. 

Summer monsoon winds are much stronger than winter 

monsoon (Dehbandi et al., 2013). In the northern parts 

of the Indian Ocean, the prevailing winds are southwest 

during the months of May to September (summer 

monsoon) and during November to February, the winds 

often blow from the northeast (winter monsoon), 

March to April. And October winds are weak and are 

transitional months (Shankar et al., 2002). 

The potential of the oceans has led many scientists and 

inventors to build devices that can convert wave, 

current, and tidal energy into other energies. 

Shirinmanesh and Chegini (2011) estimated the power 

extractable from the waves in Chabahar 3.9 kW using 

the Chabahar Buoy data and the Fourier analysis 

method. In another study, Saket et al. (2012) Used the 

SWAN model to model the wave in the Chabahar 

region and calculated the average annual wave power 

of just under 3 kW/m. The Ports and Maritime 

Organization, in line with its governance duty and in 

order to complete the maritime database and provide a 

way to solve many existing problems from the 

perspective of coastal engineering, including 

sedimentation and erosion in the coastal parts of the 

country, has defined a monitoring and modeling studies 

of iran coasts. In the first phase of this project, which 

covers the area of Chabahar Bay and about 100 km of 

coastline of Sistan and Baluchestan province, marine 

parameters during one year (2006-2007) by 7 

waveguides and flowmeters and suspended sediment 

concentrations by 3 devices Turbidity was measured. 

Abbasi (2012) Using the wave modeling results, related 

to the Ports and Maritime Organization, the average 

annual wave height and power extractable from the 

waves at a point with a depth of 50 meters near 

Chabahar Bay has been calculated 0.88 m and 8.7 

kW/m, respectively. In this research, using the 

MIKE21 numerical model, wind waves related to 2017 

in the Chabahar Bay are estimated and after comparing 

the modeling results with field data, the energy 

extracted from the waves is calculated. 

2. Materials and methods
2.1 Study area

Chabahar Bay is located in the south of Sistan and

Baluchestan province and is considered a part of the

Oman Sea. The Sea of Oman, or Gulf of Oman,

connects the Arabian Sea in the northern Indian Ocean

to the Persian Gulf via the Strait of Hormuz. The study

area includes Chabahar and Pozm Bays (latitude 25.00-

25.45 °N and longitude 60.00-61.00°E). The location

of the study area, water depth in the model area, the

position of the Chabahar buoy, the wave measuring

device (ADCP) as well as the sampling stations are

shown in Figure 1.

2.2 Model MIKE21-SW 

The SW model from the MIKE21 simulates the growth, 

transmission and decay of wind waves in offshore and 

coastal zone. The basis of the SW model is the wave 

equilibrium equation in which the wave field is 

represented using the spectral density of the 



Alireza Bahmanzadegan Jahromi et al / IJCOE-2021 6(1); p.55-64 

57 

Figure 1. Location of Chabahar Bay, modeling area, hydrography and studied stations 

wave, N = (σ, θ) in which the angular frequency σ is a 

function of the frequency (f) and is defined as σ=2πf 

and θ is direction for wave propagation. Also, the 

relationship between energy spectral density E and 

wave spectral density N is defined using the 

relationship N=E/σ (DHI, 2009). In the SW model, 

there are two different types of formulations: 1- 

Parametric formulation with directional separation and 

2- Full spectrum formulation. In cases where there is a

need to simulate the growth, transmission and decay of

wind waves in coastal and offshore areas, full spectrum

formulation is used. In cases where only wave

transmission is concerned and the spatial dimensions

are less than 10-50 km, or in cases where the sea is fully

developed in terms of wave growth rate, or in cases

where swell waves or the combination of sea waves and

swell waves are not important; Parametric formulation

with directional separation can be used. The full

spectrum formulation is based on the wave equilibrium

equation proposed by Kamen et al. (1994) and Young

(1999) (DHI, 2009). In the Mike 21 wave model, the

evolution of the wave spectrum at position (x, y) and

time t at the Cartesian coordinates is expressed by the

spectral equilibrium equation (Abdollahzadeh et al.,

2014):

∂

∂t
N+

∂

∂x
CxN+

∂

∂y
CyN+

∂

∂σ
C

σ
N+

∂

∂θ
C

θ
N=

S

σ
(1) 

The first expression to the left of the equation 

represents the local variation in the change in 

spectral density of the wave (N) over time; The 

second and third expressions show the propagation 

of N with velocities Cx and Cy in the direction x and 

y, respectively. The fourth expression shows the 

relative frequency transfer (with the propagation 

rate Cσ in the σ space) due to the change in depth 

and current. The fifth indicator represents the 

refraction due to depth and flow with velocity Cθ 

in the θ direction. The expression S on the right 

side of the equation, which represents energy 

sources; It includes various physical phenomena: 

S=Sin+Swc+Snl+Sbf+Sbr (2) 

Sin represents wind energy, Swc energy dissipation due 

to wave whitening, Snl energy transfer due to nonlinear 

wave-wave interactions, Sbf is the loss due to bed 

friction and Sbr is the loss due to wave failure due to 

depth change. 

2.3 WAFO Toolbox 

The definition of the wave energy spectrum 𝑆(𝜔) is: 

𝜎2 = ∫ 𝑆(𝜔). 𝑑𝜔
∞

0
     (3) 

Where 𝜎2  is variance of surface elevation and 𝜔 is

angular frequency (Journee and Massie, 2001). In order 

to calculate the spectral density, WAFO software 

package was used. WAFO (Wave Analysis for Fatigue 

and oceanography) is a toolbox of MATLAB routines 

for statistical analysis and simulation of random waves 

and random loads (WAFO, 2011). 

2.4 Used data 

In order to determine the water depth, ETOPO1 data 

with a spatial resolution of 1 minute for the entire 

model range and hydrographic data of the Ports and 

Maritime Organization with a spatial accuracy of 100 

meters for the interior parts of the Bay were used. 

ECMWF wind data for 2007, 2011 and 2017 with a 

spatial accuracy of 0.125 degrees and a time step of 6 

hours were extracted for the model range and used as a 

surface force in the SW model. In order to validate the 

results of the model, Chabahar wave buoy data (2011 

and 2017), ADCP measurement data (2007) belonging 

to the Ports and Maritime Organization were used. 

Also, the wind data of Chabahar synoptic station 

belonging to the Meteorological Organization were 

used to evaluate the wind speed; This data is collected 
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in 3-hour time steps and is related to the years 2009 to 

2017. 

2.5 Model set up 

First, a triangular grid with 3397 points and 6290 

triangular elements was created in Mike software 

environment. In order to model the wind waves, full 

spectrum formulation was used; Also, ECMWF model 

wind data were extracted with a time step of 6 hours. 

The model was implemented for a period of one year 

(2017) with a spatial resolution of maximum 5 km for 

offshore areas and less than 500 m in the interior of 

Chabahar Bay. The refractive index γ = 0.8 and the bed 

hardness coefficient kn= 0.04 were selected. In order to 

validate the model results, three data sets with the 

following specifications were used (Figure 2); It should 

be noted that all data used for validation is belong to 

the Ports and Maritime Organization   which include: 

1- ADCP data, these data are in the form of hourly

averages of the significant wave height, which have

been measured in the first phase of the monitoring and

simulation studies of Iranian coasts; 2- Chabahar Buoy

data for year 2007 and 3- Chabahar Buoy data for year

2011. The average of daily wave height for Chabahar

Buoy extracted from the website of the Ports and

Maritime Organization.

2.6 Error and accuracy of the model 

In order to evaluate the results of the model, the 

statistical parameters of bias (BIAS), correlation 

coefficient (R), mean square error (RMSE) and 

scattering index (SI) according to the definitions of 

Shanas et al. (2014) were used; In these relationships, 

the values Ai are related to the model and the values Bi 

are related to ADCP or buoy. 

BIAS=
1

N
∑ (Ai-Bi)

N
l=1 (4) 

R=
∑ [(Ai-A̅)(Bi-B̅)]N

l=1

√∑ [(Ai-A̅)
2
(Bi-B̅)

2
]N

l=1

(5) 

RMSE=√
1

N
∑ (Ai-Bi)

2N
l=1 (6) 

SI=
√∑ [(Ai-A̅)-(Bi-B̅)]

2N
l=1

B̅
(7) 

3. Results and discussion
The monthly average and maximum values of wind

speed related to Chabahar synoptic station are

presented in Table 1. The annual average of wind speed

is 3.1 m/s. The maximum of observed wind speed is in

November and February, which were 15 m/s and 14

m/s, respectively. The average monthly wind speed

varies in the range of 2.7 m/s (in October) and 3.5 m/s

(in July). Figure 2 (a) compares the hourly averages of

the measured index wave height data for 2007 with the

results of the SW model. The large correlation

coefficient (0.84) and the small BIAS error (0.15)

indicate that the model prediction for the significant

wave height is within an acceptable range. On the other

hand, it can be seen that the significant wave height for

model usually has predicted the lower hand. In Figure

2 (b and c), the daily averages of the model results are

compared with the Chabahar buoy data. The statistical

parameters are within an acceptable range. BIAS and

correlation coefficient have both decreased; The

correlation coefficient of the model results with Buoy

Chabahar data is slightly less than 0.70 (0.68 and 0.69).

The square of the mean error did not change much in

all three cases and ranged from 0.14 to 0.19. Dispersion

index related to hourly data (0.12) was better than daily

data (0.19 and 0.26).

Table 1. Mean and maximum monthly values of wind speed (m/s), Chabahar Synoptic Station (2009-2017) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Ave. 2.9 3.2 3.2 3.1 3.0 3.2 3.5 3.4 3.1 2.7 2.8 2.8 

Max. 10.0 10.0 14.0 13.0 9.0 12.0 12.0 8.0 9.0 7.0 15.0 12.0 
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Figure 2. Validation of model results with data a) ADCP, related to 2007 and Chabahar wave buoy related to b) 2011 and c) 2017 

The Chabahar wave buoy was active between 2012 and 

2017, although there is a lot of missing data during this 

period; however, a considerable amount of data has 

been collected. The results related to the monthly 

averages of the wave height of the Chabahar Buoy in 

comparison with the monthly averages of Station No. 3 

are shown in Figure 3. The results of the model and 

measured have almost the same annual trend. Thus, in 

spring, from April to June, the wave height increases 

and the maximum average wave height is seen in early 

summer (July). From July to November and December, 

the wave height decreased and at the beginning of 

winter, despite small changes, the wave height 

increased relatively. The highest values of model and 

buoy wave height occurred in July and are 1.32 and 

1.57 meters, respectively. The results of the model are 

more different from the measured data related to buoy 

in spring and summer. 

The monthly average of the significant wave height in 

the Chabahar Bay area is shown in Figure 4. In January 

and February, the significant wave height is often low 

(less than 0.5 m) and from January to February, slight 

changes are seen throughout the Bay. In March, the 

wave height at the entrance and in the middle of the 

Bay increased relatively. From March to July, the wave 

height increases in all parts of the Bay, and in July, all 

parts of the Bay experience maximum wave height. In 

May to August, the wave height at the mouth of the Bay 

is often more than 1 meter. From August to December, 

the trend of wave height changes is decreasing and in 

December, the lowest wave height is seen. The 

maximum wave height is related to the entrance of the 

Bay and the wave height decreases as it progresses into 

the Bay. The western parts of the Bay usually have 

lower wave heights than the eastern parts; the wave 

height in the western regions was usually less than 0.2 

meters.  

Figure 3. Comparison of monthly mean of significant wave height (m), Chabahar buoy data (black) (2014-2017) with model results 

(red) (2017) 
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Figure 4. Monthly average pattern of significant wave height (m), MIKE21 model results, 2017 

Wave rose corresponds to St. 2 with monthly average 

and maximum values at this station is shown in Figure 

5. In all months except February, March and December

there is the dominant southern wave. The predominant

wave direction is southwest in February and March and

southeast in December.

The frequency of waves with a wave height of more

than 1.5 meters (yellow areas of wave rose) in

February, May and July is higher than other months. 

Wave changes in autumn and winter are greater than in 

spring and summer, although the average of wave 

height in summer is higher than in other seasons; But 

the maximum wave height is seen in spring (April) 

(2.19 meters). Annual trend of wave height changes in 

three different stations St.1, St. 2 and St. 3 is shown in 

Figure 6. 
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Figure 5. Monthly wave rose related to St. 2 (2017) 

Figure 6. Annual changes in the significant wave height at three stations St. 1, St. 2 and St. 3 

The maximum wave height usually occurs in winter 

and the first three months of the year, in other words, 

in winter, despite the fact that the monthly and seasonal 

average of wave height is lower, but we see the 

maximum wave height in this season. The maximum 

wave height of the East Station (St. 3) is 2.28 meters. 

The average of annual wave height increases from west 

to east; In general, the wave height in the eastern 

regions is higher than the western regions. As we 

expect from the wave height results, the wave power 

increases from west to east (Figure 7). The maximum 

of wave energy is related to the eastern station (St. 3) 

and is equal to 18.5 kW/m. The average wave energy 

at this station is 3.1 kW/m. The annual direction of the 

dominant wave is from south (Figure 8) and the 

dominant waves have a wave period between 4 to 8 

seconds and often have a wave height of more than 0.5 

meters. The maximum power extractable from the 
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waves is also from south and in 90% of cases the 

extractable energy is more than 0.5 kW/m. Monthly 

spectral density (Figure 9) shows that in most months 

of the year, the highest energy is related to waves with 

a period of less than 30 seconds (often around 10 

seconds). In March and September, the highest share of 

energy is related to storm waves (long period waves).

In some months (April, May, June and December), the 

energy spectrum shows two peaks with different 

intensities. One of these peaks is related to ordinary 

winds, which usually produce waves with a period of 

less than 30 seconds (smaller peak), and the other is 

related to storm waves, which often produce waves 

with a period of more than 30 seconds. 

Figure 7. Distribution of wave power probability in different parts of the inlet of the Chabahar Gulf, with mean values (P50%), 

average and maximum (P100%) 

Figure 8. Annual Directional Distribution of wave Period, significant wave height and Wave Power (St. 3_ year 2017) 
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Figure 9. Monthly spectral density (m2s/rad) versus angular frequency (rad/s), related to St. 2

4. Conclusion
The prediction of the wave height resulting from the

SW model was acceptable in comparison with the

measured data and the correlation coefficient was

calculated between 0.69 (for daily averages) to 0.84

(for hourly averages). Chabahar Synoptic Station

recorded an average wind speed of 3.1 m/s in the period

2009-2017. Examination of monthly average values of

model results and Chabahar Buoy data shows that the

wave height has an annual trend, so that during the

spring months and with the arrival of summer, the wave

height increases and the maximum wave height at the

beginning of summer is observed with the

intensification of summer monsoon winds. From mid-

summer and with the decrease of monsoon winds, the

wave height decreases and the lowest values of wave

height are related to the end of autumn. In winter, the

wave height was relatively low, but in late winter, we

see an increase in wave height. The highest wave height

occurs at the entrance of the Bay and decreases as it

advances to the interior of the Bay. The annual average

and maximum of wave height due to wind in the

entrance of Chabahar Bay is 0.82 m and 2.19 m, 

respectively. From west to east the significant wave 

height increases. The direction of the dominant wave is 

from south and the period of the dominant waves 

changes in the range of 4-8 seconds. The average of 

annual extractable power in the southern parts of 

Chabahar Bay was calculated from the order of 3 

kW/m. Compared to the data of Chabahar buoy which 

belongs to the Ports and Maritime Organization and on 

the one hand covers a limited time-space period and on 

the other hand has a lot of missing data as well as other 

statistical methods (dependent on Field data, such as 

Shirinmanesh and Chegini, 2011); Using the MIKE21 

numerical model and applying the minimum wind and 

wave data at the borders, acceptable results were 

obtained for a full one-year period (2017) in the entire 

Chabahar Bay area. 

Tp = 35 s   Apr 
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