
IJSRD - International Journal for Scientific Research & Development| Vol. 4, Issue 04, 2016 | ISSN (online): 2321-0613 

 

All rights reserved by www.ijsrd.com 798 

Response of Compliant Tower under varying Characteristics 
Dr. Moazzam Aslam 

Associate Professor & Head of Dept. 

Vivekananda College of Technology & Management, Aligarh, India
Abstract— An Articulated tower is an upright tower, which 

is hinged at its base with a universal joint and is free to 

oscillate about this joint due to the environment. The base 

below the universal joint on the sea bed may be a gravity 

base or may be piled. The tower is ballasted near the 

universal joint and has large enough buoyancy chambers near 

the free surface to provide large restoring moment. In this 

paper, dynamic analysis of the double hinged articulated 

tower under random waves for three different Articulated 

Tower models has been carried out with current force. 

Lagrangian approach has been used for the solution of 

nonlinear governing equations of motion. Nonlinear effects 

due to variable submergence, buoyancy, added mass, 

instantaneous position of the tower and relative-velocity 

squared drag force are considered in the analysis. The 

equation of motion has been solved in time domain using 

Houbolt integration technique. The wave forces have been 

computed as per the Stokes’ fifth order nonlinear wave 

theory and hydrodynamic forces has been calculated as per 

modified Morison’s equation with Chakrabarti’s 

modifications. The study shows that response parameters get 

decreased with the increase in structural mass of tower. The 

study further shows that due to increase in the deck mass, the 

base and upper hinge shear get increased while other 

response parameters get decreased. 

Key words: Offshore Structures, Dynamic Analysis, 

Random Waves, Morison Equation, Stokes’ Vth Order Non 

Linear Wave Theory 

I. INTRODUCTION 

Offshore structures differ from the onshore structures both 

in terms of their pre-service and in-service characteristics. 

Offshore structure components are fabricated and assembled 

onshore, transported to an onshore site and then installed. 

Offshore structures may be fixed to the sea bed or may be 

floating. Fixed offshore structures general approach is to 

design the structure such that their fundamental natural 

frequency is higher than the wave frequencies to avoid 

resonance. Resonance can lead to excessive dynamic 

response under extreme conditions, but also under 

operational conditions, which in turn leads to a reduced 

fatigue life. This approach requires the support structure to 

be sufficiently stiff. The stiffness requirement can usually be 

achieved by placing the legs far apart in order to attain a 

high area moment of inertia and by giving the legs 

sufficiently large diameter. For shallow water this is a 

practical approach, but for deep water this would results in 

impractical dimensions and excessive material use, which 

adversely influence the costs, both for fabrication as well as 

for installation. Therefore, the concept of special deep water 

towers called compliant offshore structures comes into 

consideration because of their lessened structural weight. 

Halvacioglu and Incecik (1990) studied the dynamic 

response of single and double hinged articulated tower 

subjected to wave and wind forces. They conduct their 

studies to predict the response of tower due to change in 

position of buoyancy chamber, hinge location and weight of 

deck platform and concluded that due to change in position 

of buoyancy chamber, a significant change in natural 

frequency of tower was observed. Kim and Ran (1994) 

presented the responses of an articulated loading platform in 

random waves and currents both in frequency and time 

domain. They concluded from their numerical examples that 

slowly varying resonant responses in random waves are 

significant compared to wave frequency responses in case of 

no current or current normal to the wave direction. 

However, a great reduction observed when there exists 

strong in-line (coplanar or adverse) current. Bar-Avi and 

Benaroya (1996) presented studies on the response of an 

Articulated tower in the ocean subjected to deterministic and 

random wave loading. The tower was modelled as an 

upright rigid pendulum with a concentrated mass at the top, 

having one angular degree of freedom about a hinge with 

Coulomb friction, and viscous structural damping. The 

authors solved the equation for random wave loading for 

three significant wave heights and find that for significant 

wave heights of 9 and 15 m, the response was larger than 

that for 4 m, since in the former the tower natural frequency 

was closer to the frequencies where most of the energy was 

located. Islam et al. (2009 and 2012) studied the responses 

of single and double hinged articulated towers and compare 

under various ocean environments. They concluded that 

wind effects are an important factor in determining the 

survivability of double hinged articulated towers in harsh 

offshore environments. Nagamani and Ganapathy (2000) 

studied a three legged articulated tower using analytical and 

experimental techniques. The authors also presented the 

effects of mass distribution on the variations of bending 

moment and the deck accelerations. Chandrasekaran et al. 

(2007) presented the response behaviour of TLP under 

regular waves using Stokes theory by considering the 

coupling between various degrees of freedom. They 

concluded that the coupled response in surge and pitch 

degree of freedom obtained using Stokes theory is lesser 

than that obtained by the Airy theory. The author (Ref. 1&2) 

also studied the response of Articulated tower under regular 

waves and found that the deck displacement response as 

well as hinge rotation and hinge shear obtained using 

Stokes’ Vth order nonlinear wave theory are lesser than that 

obtained using the Airy’s theory. 

II. DESCRIPTION OF PROBLEM 

In the present study, a double hinged Articulated loading 

platform (ALP) is modeled as an inverted double pendulum 

comprised of two universal hinges as shown in Fig.1. It 

consist of a ballast chamber attached to the lower shaft of 

length L1 which is attached to the sea bed by a universal 

joint. The upper portion consists of a buoyancy chamber 

attached to upper column of length L2  which is connected to 

the lower shaft by another universal joint. The following are 

the assumptions which have been considered in the study of 
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double hinged Articulated tower under random waves and 

current forces.  
 Stokes’ fifth order nonlinear wave theory is employed 

to determine the water particle kinematics. 

 Modified Morison’s equation is used for the 

computation of wave induced forces, taking 

wavelengths much larger than the sectional dimensions 

of the structural members. 

 The tower shaft is divided into segment of equal length 

for the computation of the hydrodynamic forces and it 

is assumed that each segment has same linear 

behaviour and homogenous properties. 

 
Fig. 1: Double Hinged Articulated Tower 

A. Equation of Motion of Double Hinged Articulated 

Tower 

The Equation of motion with the incorporation of above 

assumptions and idealization can be written for the two 

degree of freedom system as 
[𝑀](�̈�) + [𝐶](�̇�) +  𝐾(𝑥) = 𝐹(𝑡)                  (1) 

where [M] is the mass matrix consisting of 

structural mass and added mass moment of inertia, [C] is the 

damping matrix and [K] is stiffness matrix. The right hand 

side of above equation consist of forcing function at any 

time under consideration due to random waves comprising 

of drag and inertia forces. Drag and inertia forces are 

calculated by using Morison’s equation. These nonlinear 

equation of motion required a time domain analysis for the 

evaluation of time history of the responses. In the present 

study we used the Houbolt integration technique for the 

solution. 

1) Mass Matrix, M 

The mass matrix of the ALP is presented below: 

M = [
𝐼1𝑡  + 𝑚2𝑡̅̅ ̅̅ ̅ 𝐿1

2  + 𝑚𝑑𝐿1
2 𝑚2𝑡̅̅ ̅̅ ̅ 𝑐2𝐿1 𝑐𝑜𝑠(𝜃2  −  𝜃1)

𝑚2𝑡̅̅ ̅̅ ̅ 𝑐2𝐿1 𝑐𝑜𝑠(𝜃2  −  𝜃1) 𝐼2𝑡  + 𝐼𝑑  + 𝑚𝑑𝐿𝑃
2 ] 

(2) 

where  is the total mass of upper tower 

evaluated as  (m2 + ma) and  m2 is structural mass of upper 

tower. ma = mac + maf   is the added mass of the structure. 

Where mac is the time invariant added mass up to MSL and 

maf is the fluctuating added mass which depends upon the 

variable submergence of the structure with respect to MSL 

with the passage of waves. 

2) Damping Matrix, C 

The Coulomb damping matrix involves with the square term 

of velocity is as follows: 

C = [
0 −𝑚2𝑡̅̅ ̅̅ ̅ 𝑐2𝐿1 𝑠𝑖𝑛(𝜃2  −  𝜃1)𝜃2̇

𝑚2𝑡̅̅ ̅̅ ̅ 𝑐2𝐿1 𝑠𝑖𝑛(𝜃2  −  𝜃1)𝜃1̇ 0
](3) 

3) Stiffness Matrix, K 

The stiffness matrix K of the ALP is 

K = [
{(𝐹1𝑏1 − 𝑊1𝑐1)  + (𝐹2  − 𝑊2 − 𝑊𝑑)𝐿1}

sin 𝜃1

𝜃1
0

0 (𝐹2𝑏2 − 𝑊2𝑐2 − 𝑊𝑑𝐿𝑃)
sin 𝜃2

𝜃2

] 

(4) 

B. Stokes’ Fifth Order Non Linear Wave Theory 

According to Stokes fifth order nonlinear wave theory, the 

instantaneous vertical displacement of sea surface above the 

SWL is given as (Dawson, 1983) 

𝜂(𝑥, 𝑡) =
1

𝑘 
∑ 𝐹𝑛  𝑐𝑜𝑠  𝑛(𝑘𝑥 − 𝜔𝑡) 5

𝑛=1                (5) 

Where F1 = a; F2 = a2B22 + a4B24; F3 = a3B33 + 

a4B35; F4 = a4B44 and F5 = a5B55 

These constants depend on the value (kd) and wave 

height parameter “a” which is obtained from the following 

equation: 
𝑘𝐻

2
=  [𝑎 + 𝑎3𝐵33 + 𝑎5(𝐵35  + 𝐵55 )]          (6) 

The horizontal and vertical components of water 

particle velocities are as  

𝑢 ̇ (𝑥, 𝑡) =
𝜔

𝑘
∑ 𝐺𝑛

5
𝑛=1

cosh (𝑛𝑘𝑧)

sinh (𝑛𝑘𝑑)
cos  𝑛(𝑘𝑥 − 𝜔𝑡)       (7) 

𝑣 ̇ (𝑥, 𝑡) =
𝜔

𝑘
∑ 𝐺𝑛

5
𝑛=1

sinh (𝑛𝑘𝑧)

sinh (𝑛𝑘𝑑)
sin  𝑛(𝑘𝑥 − 𝜔𝑡)       (8) 

Where G1 = aG11+ a3G13 + a5G15; G2 = 2(a2G22 + 

a4G24); G3 = 3(a3G33 + a5G35);  

G4 = 4(a4G44) and G5 = 5(a5G55). 

Once the velocity components are expressed, the 

horizontal and vertical particle acceleration can be 

determined based on the following expression: 

�̈�(𝑥, 𝑡) =
𝑘𝑐𝑠

2

2
∑ 𝑅𝑛

5
𝑛=1 sin  𝑛(𝑘𝑥 − 𝜔𝑡)                             (9) 

�̈�(𝑥, 𝑡) =
−𝑘𝑐𝑠

2

2
∑ 𝑆𝑛

5
𝑛=1 cos  𝑛(𝑘𝑥 − 𝜔𝑡)                         (10) 

The wave speed 𝑐𝑠  is given by the following 

equation 

𝑐𝑠 = [
𝑔

𝑘
(1 + 𝑎2𝐶1 + 𝑎4𝐶2) tanh 𝑘𝑑]

1/2

            (11) 

C. Hydrodynamic Forces 

When a hydrodynamic flow field is known, the inline force 

on a submerged slender structural element is calculated 

using the Morison equation. For a purely inviscid, steady 

flow, the force on anybody is zero (D ’Alembert’s paradox). 

The Morison equation [Morison et al. (1950)] is widely used 

in ocean engineering for wave induced forces on structural 

members. The force dF(t) on a differential section of length 

ds of the cylinder in unsteady flow is 

𝑑𝐹(𝑡) = [ 
𝜋

4
𝐷2𝜌𝑤𝐶𝑚�̈� +

1

2
𝜌𝑤𝐷𝐶𝑑�̇�|�̇�|] 𝑑𝑠          (12) 

Where 𝐶𝑚 = 1 + 𝐶𝑎 , 𝐶𝑚 is the inertia coefficient 

and 𝐶𝑎 is the added mass coefficient. 

When both current and wave forces taken together, 

the equation (12) will get changed to 

𝑑𝐹(𝑡) = [
𝜋

4
𝐷2𝜌𝑤𝐶𝑚�̈� +

1

2
𝜌𝑤𝐷𝐶𝑑(�̇� + 𝑢𝑐)|�̇� + 𝑢𝑐|] 𝑑𝑠 (13) 

The equation (13) may also be written in another 

form as below after the consideration of current forces in 

addition to wave forces and relative velocity and 

acceleration between the fluid particle and the structure. 
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𝑑𝐹(𝑡) = [
𝜋

4
𝐷2𝜌𝑤𝐶𝑚(�̈� − �̈�) +

1

2
𝜌𝑤𝐷𝐶𝑑(�̇� − �̇� + 𝑢𝑐)|�̇� −

�̇� + 𝑢𝑐| +
𝜋

4
𝐷2𝜌𝑤�̈�] 𝑑𝑠     (14) 

III. NUMERICAL STUDY 

The study has been carried out upon an Artciculated tower 

of 500m height in the water depth of 450m. The articulated 

tower consist of two vertical cantilivers ‘L1’ and ‘L2’ with 

bottom and middle hinge and lumped mass at top as shown 

in Fig.(1). The nonlinearities such as variable submergence 

which causes variable buoyancy and added mass etc. has 

been considered in the study. The natural frequency of the 

system for two modes of vibration is 0.16 rad/sec and 0.36 

rad/sec respectively. In this problem, we shall study 

dynamic response of three cases of Articulated tower 

models under random waves (Hs = 10m, Tz =10s) with 

current of 1.0 m/s. 

 Model 1: Double hinged articulated tower as per 

geometrical properties listed in Table 1. 

 Model 2: The structural mass of top and bottom tower 

as per Table 1 has been increased by 10%. The rest of 

the geometrical properties will remain same (Table 2). 

 Model 3: The Deck mass in Table 2 has been increased 

by 10%. The rest of the geometrical properties will 

remain same (Table 3). 

The Study has been carried out in the following manner: 

1) Comparative Response of Model 1 & Model 2 

2) Comparative Response of Model 1 & Model 3 

3) Comparative Response of Model 2 & Model 3 

Parameter Value 

Water depth, WD 450 m 

Height of bottom tower, L1 300 m 

Height of top tower, L2 200 m 

Structural mass of top tower 2.0  104 kg/m 

Structural mass of bottom tower 2.0  104 kg/m 

Mass of ballast 44.84  103 kg/m 

Deck mass, md 2.5  106 kg 

Position of buoyancy chamber from 

mid hinge, PBC 
110 m 

Coefficient of drag,  Cd 1.0 

Coefficient of Inertia,  Cm 1.2 

Coefficient of added mass,  Ca 0.2 

Tower’s Shaft  

Effective drag diameter 21.5 m 

Effective diameter for buoyancy 9.5 m 

Effective diameter for inertia 5.75 m 

Effective diameter for added mass 5.75 m 

Buoyancy chamber  

Effective drag diameter 25 m 

Effective diameter for buoyancy 24.5 m 

Effective diameter for inertia 9.5 m 

Effective diameter for added mass 9.5 m 

Table 1: Geometrical Properties of Double Hinged 

Articulated Tower Model 1 

Parameter Value 

Water depth, WD 450 m 

Height of bottom tower, L1 300 m 

Height of top tower, L2 200 m 

Structural mass of top tower 2.2  104 kg/m 

Structural mass of bottom tower 2.2  104 kg/m 

Mass of ballast 44.84  103 kg/m 

Deck mass, md 2.5  106 kg 

Position of buoyancy chamber from 

mid hinge, PBC 
110 m 

Coefficient of drag,  Cd 1.0 

Coefficient of Inertia,  Cm 1.2 

Coefficient of added mass,  Ca 0.2 

Tower’s Shaft  

Effective drag diameter 21.5 m 

Effective diameter for buoyancy 9.5 m 

Effective diameter for inertia 5.75 m 

Effective diameter for added mass 5.75 m 

Buoyancy chamber  

Effective drag diameter 25 m 

Effective diameter for buoyancy 24.5 m 

Effective diameter for inertia 9.5 m 

Effective diameter for added mass 9.5 m 

Table 2: Geometrical Properties of Double Hinged 

Articulated Tower Model 2 

Parameter Value 

Water depth, WD 450 m 

Height of bottom tower, L1 300 m 

Height of top tower, L2 200 m 

Structural mass of top tower 2.2  104 kg/m 

Structural mass of bottom tower 2.2  104 kg/m 

Mass of ballast 44.84  103 kg/m 

Deck mass, md 2.75  106 kg 

Position of buoyancy chamber from 

mid hinge, PBC 
110 m 

Coefficient of drag,  Cd 1.0 

Coefficient of Inertia,  Cm 1.2 

Coefficient of added mass,  Ca 0.2 

Tower’s Shaft  

Effective drag diameter 21.5 m 

Effective diameter for buoyancy 9.5 m 

Effective diameter for inertia 5.75 m 

Effective diameter for added mass 5.75 m 

Buoyancy chamber  

Effective drag diameter 25 m 

Effective diameter for buoyancy 24.5 m 

Effective diameter for inertia 9.5 m 

Effective diameter for added mass 9.5 m 

Table 3: Geometrical Properties of Double Hinged 

Articulated Tower Model 3 

IV. DISCUSSION OF RESULTS 

A. Comparative Response of Model 1 & Model 2 

Based upon the statistical response obtained for the model 1 

and 2 (Table 4), it is found that deck desplacement in terms 

of their maximum value for model 1 is 2.36 m while for 

model 2 is 2.19 m, which is 7.2% less which shows that if 

we increase tower weight by 10% (Model 2), the deck 

displacement will be reduced by 7.2%. However the other 

parameters like lower hinge rotation, upper hinge rotation, 

base hinge shear and upper hinge shear for model 2 are also 

reduced by 3%, 11.26%, 7.7% and 4% respectively in 

comparison to the responses of model 1. The time history 
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plots (Fig. 2 to 6) are also showing the comparative response 

of Model 1 & 2 for respective parameters. 

B. Comparative Response of Model 1 & Model 3 

As per Table 5, it is clear that the deck displacement in 

terms of their maximum value for Model 3 is 1.94 m which 

is less than the response of Model 2 and Model 1 both. It 

means that if we increase the deck mass and tower mass 

both by 10% (Model 3), the deck displacement of Model 3 

will be reduced by 17.8% in comparison to Model 1.  

The lower hinge rotation and upper hinge rotation 

for model 3 are also less by 13.5% and 14.4% respectively 

in comparison to model 1 response. However the response 

for base hinge shear and upper hinge shear are same for both 

the model 1 and 3, which clearly shows that increase in deck 

mass will result increase in base and upper hinge shear 

response. The time history plots (Fig. 2 to 6) are also 

showing the comparative response of Model 1 and Model 3 

for respective parameters. 

C. Comparative Response of Model 2 & Model 3: 

Based upon the response obtained as listed in Table 6, the 

deck displacement for model 3 is less by 11.4% than model 

2, which clearly shows that if deck mass increased by 10%, 

the deck displacement will be reduced by 11.4%. 

The lower and upper hinge rotation for model 3 is 

less by 10.8% and 3.53% respectively in comparison to 

model 2. However the base and upper hinge shear response 

are getting increased with the increase in deck mass and 

further it has been seen that effect of increase of deck mass 

is more for base hinge in comparison to upper hinge. The 

statistical response as per Table 6 shows that the base and 

upper hinge shear of model 3 is 8.33% and 4.4% 

respectively more than model 2. The time history plots (Fig. 

2 to 6) are also showing the comparative response of Model 

2 and Model 3 for respective parameters. 

Response 

Parameter 

Maximum Minimum 

Model 

1 

Model 

2 

Model 

1 

Model 

2 

Deck displacement 

(m) 
2.36 2.19 -1.81 -1.79 

Lower hinge 

rotation (rad) 

2.67 

x 10-3 

2.59 

x 10-3 

- 2.55 

x 10-3 

- 2.15 

x 10-3 

Upper hinge 

rotation (rad) 

7.99 

x 10-3 

7.09 

x 10-3 

- 6.95 

x 10-3 

- 6.23 

x 10-3 

Base hinge shear 

(N) 

2.60 

x 107 

2.40 

x 107 

- 2.20 

x 107 

- 2.10 

x 107 

Upper hinge shear 

(N) 

2.50 

x 107 

2.40 

x 107 

- 2.20 

x 107 

- 2.10 

x 107 

Table 4: Comparative Response (Hs = 10 m, Tz = 10 s) 

Tower Model 1 & 2 

Response 

Parameter 

Maximum Minimum 

Model 

1 

Model 

3 

Model 

1 

Model 

3 

Deck displacement 

(m) 
2.36 1.94 -1.81 -1.80 

Lower hinge 

rotation (rad) 

2.67 

x 10-3 

2.31 

x 10-3 

- 2.55 

x 10-3 

- 2.09 

x 10-3 

Upper hinge 

rotation (rad) 

7.99 

x 10-3 

6.84 

x 10-3 

- 6.95 

x 10-3 

- 6.97 

x 10-3 

Base hinge shear 

(N) 

2.60 

x 107 

2.60 

x 107 

- 2.20 

x 107 

- 2.30 

x 107 

Upper hinge shear 

(N) 

2.50 

x 107 

2.50 

x 107 

- 2.20 

x 107 

- 2.20 

x 107 

Table 5: Comparative Response (Hs = 10 m, Tz = 10 s) 

Tower Model 1 & 3 

Response 

Parameter 

Maximum Minimum 

Model 

2 

Model 

3 

Model 

2 

Model 

3 

Deck displacement 

(m) 
2.19 1.94 -1.79 -1.80 

Lower hinge 

rotation (rad) 

2.59 

x 10-3 

2.31 

x 10-3 

- 2.15 

x 10-3 

- 2.09 

x 10-3 

Upper hinge 

rotation (rad) 

7.09 

x 10-3 

6.84 

x 10-3 

- 6.23 

x 10-3 

- 6.97 

x 10-3 

Base hinge shear 

(N) 

2.40 

x 107 

2.60 

x 107 

- 2.10 

x 107 

- 2.30 

x 107 

Upper hinge shear 

(N) 

2.40 

x 107 

2.50 

x 107 

- 2.10 

x 107 

- 2.20 

x 107 

Table 6: Comparative Response (Hs = 10 m, Tz = 10 s) 

Tower Model 2 & 3 

 
Fig. 2: Time history for deck displacement 

 
Fig. 3: Time history for lower hinge rotation 

Fig. 4: Time history for upper hinge rotation 
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V. CONCLUSIONS 

The non linear dynamic analysis of three models of double 

pendulum Articulated tower has been carried out in sea state 

(Hs = 10m, Tz = 10s) with current 1.0 m/s in time domain. 

The Stokes’ Vth order non linear wave theory has been used 

in calculation of wave forces while modified Morison’s 

equation with Chakrabarti’s modifications has been adopted 

in the calculation of hydro dynamic forces. The study leads 

to the following conclusions which helps in the design of 

Articulated towers: 

1) The deck displacement is found to be influenced by 

structural mass of tower. It has been found that with 

the increase in mass of tower, the deck displacement 

reduced. 

2) It is seen that due to the increase in the mass of tower, 

the lower and upper hinge rotations get reduced. The 

reduction in upper hinge rotation is more in 

comparison to lower hinge rotation due to the increase 

in structural mass of tower. 

3) It has been found that the base and upper hinge shear 

get reduced due to the increase in the structural mass of 

tower.  

4) It has been found that due to increase in the deck mass, 

the response parameters i.e. deck displacement, upper 

hinge rotation and lower hinge rotation reduced further 

in their magnitude. 

5) It is seen that the base hinge and upper hinge shear 

response greatly influenced by the deck mass. The 

increase in deck mass results in the increase of base 

and upper hinge shear. However base hinge influenced 

more in comparison to upper hinge in terms of their 

shear value. 

 
Fig. 5: Time history for base hinge shear 

 
Fig. 6: Time history for upper hinge shear 

ABBREVIATIONS 

 𝐿1, 𝐿2   Length of bottom and top tower 

 𝜃1, 𝜃2   Tilt angle of bottom and top tower 

 𝐿𝑝       Height of the centre of mass of deck from mid 

hinge 

 𝑃𝑐𝑚      Height of c.g. above deck 

 𝑢 ̇ , �̈�  Water particle horizontal velocity and 

acceleration 

 𝑣 ̇ , �̈�    Water particle vertical velocity and 

acceleration 

 𝐶𝑚      Inertia coefficient 

 𝐶𝑑       Drag coefficient 

 𝐶𝑎           Added mass coefficient 

 x, �̇�, �̈� Structural displacement, velocity and 

acceleration 

 𝑢𝑐             Current velocity 

 [𝑀], [𝐶], [𝐾]    Mass, damping and stiffness matrix 

 𝐹(𝑡)  hydrodynamic loading 

 K     wave number 

 d depth of water 

 𝜔  wave frequency 

 T  wave period 

 L wave length 

 H wave height 

 𝑔  acceleration due to gravity 

 𝜂(𝑥, 𝑡)  Instantaneous sea surface elevation 

 𝑐𝑠   wave speed 

 𝜌𝑤  Mass density of fluid 

 𝐻𝒔  Significant wave height 

 𝑇𝑧     Average zero crossing periods 
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