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This paper proposes a computational method for estimating moored ship motion taking into consideration harbor 

resonance, and provides a way to estimate the effect that harbor resonance has on moored ship motion. The 

computation of harbor resonance used the CGWAVE model, and the computation of moored ship motion used the 

three-dimensional Green’s function method. This method was verified with field motion measurement data from 

actual moored ships and wave field data and down time record data from Pohang New Harbor. The resonance periods 

obtained from wave field data in Pohang New Harbor were 80, 33, 23, and 8 min, which were the long waves, and 42, 

54, and 60 s, which were the infra-gravity waves inside the harbor slip. The simulation results for harbor resonance 

were compared to the actual wave field data. This study investigated whether harbor resonance has an effect on 

moored ship motion using simulated results of ship motion both with and without harbor resonance included. In the 

case of harbor resonance included, moored ship motion increased by 10–30% when compared with the results without 

harbor resonance included. We found that harbor resonance has a greater effect on the surge and heave motion of a 

large-sized ship and on the roll and the yaw motion of a small-sized ship. 

Keywords: moored ship motion, harbor resonance, Pohang New Harbor, infra-gravity waves, CGWAVE model,  
           Green function method 

INTRODUCTION 

  The cause of down time when loading and unloading activities of the ship comes from moored ship 

motion that is induced by long waves, short waves, harbor resonance, wind, and mooring systems. 

When the natural period of a ship matches the resonance period of a harbor, the moored ship motion 

increases. If we can estimate moored ship motion considering harbor resonance, it is possible to reduce 

downtime of loading and unloading, reduce damage from mooring systems, and increase the effective 

harbor working day. 

  In a study on moored ship motion, Ueda and Shiraishi (1998) proposed an estimating method for the 

harbor working day considering moored ship motion. This method can estimate the harbor working day 

in berth by obtaining the nonexceedance probability of deep water wave height during possible loading 

and unloading times. Kubo et al. (1993) studied a simple method for estimating a harbor working day 

using a numerical model to compute moored ship motion. In particular, they studied the effects that a 

fender system has on moored ship motion. Ueda et al. (1994) obtained the harbor working day by 

simulating moored ship motion and the allowable wave height for loading and unloading. Recently, 

Sakakibara et al. (2001) measured moored ship motion using several cameras, and verified the 

simulation results of moored ship motion in a time domain analysis. Kwak et al. (2006) proposed an 

estimating method for harbor working day by simulating moored ship motion. They indicated the 

problem that down time occurs in harbors designed with standard wave heights. 

  In this study, we estimate the effect that harbor resonance has on moored ship motion in order to 

reduce the down time for loading and unloading, and to reduce the damage to moored ships when the 

natural frequency of the ship matches the resonance frequency of the harbor. A proposed computation 

method for moored ship motion induced by harbor resonance is provided in this study. The 

computation of harbor resonance used the CGWAVE model, and the computation of moored ship 

motion used the three-dimensional Green’s function method. This method was verified with field 

measurements from actual moored ship motion and with wave field data and down time record data 
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from Pohang New Harbor. 

WAVE MODEL FOR SIMULATING HARBOR RESONANCE 

Governing equations 

The two-dimensional elliptic mild-slope wave equation is an accepted method for modeling surface 

gravity waves in coastal areas. This equation may be written as follows (Demirbilek and Panchang, 

1998): 

 

        ∇ ∙ (CCg∇η̂) +
Cg

C
σ2η̂ = 0          (1) 

 

where 

 η̂(𝑥, 𝑦) = complex surface elevation function, from which the wave height can be estimated 

 σ      = wave angular frequency  

 C(𝑥, 𝑦) = phase velocity = σ/k 

 Cg(𝑥, 𝑦) = group velocity = ∂σ ∂k⁄  =nC with 

         𝑛 =
1

2
(1 +

2𝑘𝑑

𝑠𝑖𝑛ℎ 2𝑘𝑑
) 

𝑘(𝑥, 𝑦)  = wave number (= 2π/L), related to the local depth d(x,y) through the linear dispersion 

relation: 

          𝜎2 = 𝑔𝑘 𝑡𝑎𝑛 (𝑘𝑑) 

 

Equation 1 simulates wave refraction, diffraction, and reflection (i.e., the general wave scattering 

problem) in coastal domains of arbitrary shape. However, various other mechanisms also influence the 

behavior of waves in a coastal area. The mild-slope wave equation can be modified as follows to 

include the effects of frictional dissipation (Dalrymple et al., 1984) and wave breaking (Dally et al., 

1985): 

 

∇ ∙ (CCg∇η̂) + (
Cg

C
σ2 + 𝑖𝜎𝑤 + 𝑖Cg𝜎𝛾) η̂ = 0      (2) 

 

Where 𝑤 is a friction factor and 𝛾 is a wave breaking parameter. Following Dalrymple et al. (1984), 

we used the following form of the damping factor in CGWAVE: 

 

                         ω = (
2nσ

𝑘
) *

2𝑓𝑟

3𝜋

𝑎𝑘2

(2𝑘𝑑+sinh 2𝑘𝑑) sinh 𝑘𝑑
+           (3) 

 

where a (=H/2) is the wave amplitude and 𝑓𝑟 is a friction coefficient to be provided by the user. The 

coefficient depends on the Reynolds number and the bottom roughness and may be obtained from 

Madsen(1976) and Dalrymple et al.(1984). Typically, values for are in the same range as for Manning’s 

dissipation coefficient. Specifying as a function of allows the modeler to assign larger values for 

elements near harbor entrances to simulate entrance loss. For the wave breaking parameter, we use the 

following formulation (Dally et al., 1985; Demirbilek, 1994; Demirbilek et al., 1996): 

 

γ =
χ

𝑑
(1 −

Γ2𝑑2

4𝑎2
)           (4) 

 

where χ is a constant (a value of 0.15 is used in CGWAVE following Dally et al., (1985)) and is an 

empirical constant (a value of 0.4 is used in CGWAVE). 
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  In addition to the above mechanisms, nonlinear waves may be simulated with the mild-slope wave 

equation. This is accomplished by incorporating amplitude-dependent wave dispersion, which has been 

shown to be important in certain situations (Kirby and Dalrymple, 1986). The nonlinear dispersion 

relation used in place of Eq. (3) is 

Where 

 

σ2 = 𝑔𝑘[1 + (𝑘𝑎)2𝐹1𝑡𝑎𝑛
5𝑘𝑑] tanh(𝑘𝑑 + 𝑘𝑎𝐹2)    (5) 

 

                          

𝐹1 =
cosh(4𝑘𝑑) − 2𝑡𝑎𝑛2(𝑘𝑑)

8𝑠𝑖𝑛4(𝑘𝑑)

𝐹2 = (
𝑘𝑑

sinh(𝑘𝑑)
)
4

}
 

 

                        

 

Verification of wave model 

∙ Numerical simulation conditions 

In this study, the CGWAVE model is applied to Pohang New Harbor in order to simulate harbor 

resonance and to verify the model against field measurement wave data (Pohang Regional Maritime 

Affairs and Port office, 2010). The simulation domain is 13.5 km in the offshore direction and 9.5 km 

in the longshore direction. A finite element model (FEM) mesh was set up with 5–20 m inside the 

harbor and 50–200 m outside the harbor, which took into consideration the simulation time and wave 

length with an arbitrary water depth. The FEM model was made up of 67,052 elements and 35,622 

nodes. The incident wave periods were set to range from 30 second to 100 minute, and the incident 

wave angle was set to a north-east (NE) direction. The simulation domain and the FEM mesh model are 

shown Figure 1. In this study, the reference points were set at W03, which is located near pier 8 in 

Pohang New Harbor, and W10, which is located near pier 7 (Figure 2). Piers 7 and 8 were berthing 

5,000–30,000 deadweight tonnage (DWT)--sized ships. 

         

Figure 1. Layout of simulation domain with       Figure 2. Close up domain of the Pohang New Harbor 
           FEM mesh and wave direction.                   with wave measurement stations 

∙ Results of the numerical simulation 

  Figure 3 shows the field data (spectral density with wave periods) at station W03. The resonant 

periods that have effect on moored ship motion are shown at 80, 33, 23, and 8 minute in long waves, 

and at 0.7, 0.9, and 1.0 minute in infragravity waves. It was found that the numerical simulation results 

(shown in Figure 4) accurately captured the peak resonant periods from the field data. Figure 5 shows 
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the field data at station W10. This station has resonant periods that are very similar to station W03. 

Figure 6 shows that the numerical simulation results for station W10 corresponded well to the field 

data. 

In addition, Figure 7 compares the relative amplitude in the simulation results with the field data for 

stations W02 and W03. The error ranges for both results are shown at ±5~10 %. 

 

          
Figure 3. Result of field measurement at W03.        Figure 4. Result of field measurement at W10. 

          
Figure 5. Result of computer simulation at W03.       Figure 6. Result of computer simulation at W10. 

 
Figure 7. Location map of the reference points for comparison of wave amplitude. 

 

 

 

 

 

 

 

 

 

SHIP MODEL FOR SIMULATING MOORED SHIP MOTION 

Governing equations 

  The forces that affect a moored ship in fluid are fluid dynamic and static forces induced by ship 

motion, incident waves, and mooring equipment. Wave force, which is one of the fluid dynamic forces, 
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Table 1. Comparison of amplitude ratio between  

field data and simulation. 

 

Measurement 

Date 

W02 

(m) 

W03 

(m) 

Amplitude ratio 

(2a 2ai⁄ ) 

Field data 

2009/04/11 

12:00 

0.6 0.1 0.17 

2009/04/12 

24:00 

0.35 0.05 0.14 

2009/04/14 

18:00 

2.25 0.38 0.17 

2009/04/16 

06:00 

1.75 0.28 0.16 

Simulation - 1.00 0.17 0.17 
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acts on a moored ship when the waves propagate around the ship. It is impossible to solve for these 

forces precisely. Therefore, instead of a physical model, we chose a numerical model with various 

assumptions. The numerical model used in this study was developed by linearizing the fluid dynamic 

and wave forces, which are variables of ship motion. We assumed that moored ship motion was small, 

and introduced a potential velocity for the numerical model. 

  It is difficult to solve for moored ship motion directly due to the irregular wave field that occurs in a 

harbor. Therefore, we expressed the irregular wave field as a superposition of many regular waves. 

Furthermore, the numerical model was used to solve an irregular wave field by spectrum analysis, 

which was obtained from moored ship motion on a regular wave field. The Bretschneider spectrum, 

with parameters expressed in significant wave height and period, was used in this study. 

Mooring equipment includes mooring lines and fenders that cause nonlinear moored ship motion. 

However, we assumed a mooring force of linear motion in order to analyze ship motion in the 

frequency domain. The linear momentum equation for ship motion on a regular wave field is shown 

below (Kwak et al., 2006). 

[−𝜔2(𝑀𝑗𝑘 + 𝐴𝑗𝑘) + 𝑖𝜔𝐵𝑗𝑘 + 𝑅𝑗𝑘]𝑎𝑗𝑘 = 𝐹𝑗             (6) 

Where, 

      𝑀𝑗𝑘   =  mass of the ship 

𝐴𝑗𝑘  =  added mass of the ship 

𝐵𝑗𝑘  =  damping coefficient 

𝑅𝑗𝑘  =  restoring force 

𝜔   =  wave angular frequency 

𝑖    =  √−1 

𝑎𝑗𝑘  =  amplitude of the ship motion 

𝐹𝑗   =  Wave force 

Computational method of ship oscillation quantity 

∙ Computational method of ship oscillation quantity from short waves  

Ship conditions

Length, Width, Draft, Center of gravity

Conditions of Frequency, Wave direction, 

Water depth and Mooring condition

Analysis frequency domain using  unit 

regular wave 

Compotation of wave force with unit wave

Significant Wave Height, Periods, Direction

Computation of ship oscillation quantity by 

using Bretschneider spectrum in Irregular 

wave condition

Computation results of ship oscillation 

quantity with short wave condition

Loading and Unloading standards 

Results of Allowable wave height  
Figure 8. Flow chart of the computational procedure for ship oscillation quantity by short wave. 

 

The flow chart for computing ship oscillation from short waves is shown in Figure 8. First of all, the 

model’s mesh system for a ship, or a ship and quay wall, uses ship length, width, draft, and coordinates 

for the center of gravity. Second, a wave force in the frequency domain is computed using regular 
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waves, which have a unit wave height with wave frequency, direction, water depth, and mooring 

conditions. Next, the moment of momentum for a moored ship on an irregular wave field was obtained 

by the Bretschneider spectrum using significant wave height, period, and wave direction. Then, moored 

ship motion from short period waves was computed from the momentum. Finally, we estimated an 

allowable wave height for loading and unloading using the computed ship motion. 

∙ Computational method of ship oscillation quantity considering harbor resonance 

The flow chart for computing ship oscillation considering harbor resonance is shown in Figure 9. 

Inputs to the model are ship length, width, draft, and coordinates for the center of gravity. A wave force 

in the frequency domain was computed using a regular wave with unit wave height and a long wave 

period of over 30 s. The moment of momentum for a moored ship on an irregular wave field was 

obtained from the Bretschneider spectrum using significant wave height, period, and wave direction. 

The moment of momentum for a moored ship using short wave periods of under 30 s was obtained 

from same procedure as for long waves. Then, the model combined the moments of momentum for a 

ship on both short period and long period waves, including resonant periods, in vectors. Moored ship 

motion, including resonant periods of the harbor, was obtained by computing moored ship motion 

using the combined moments of momentum. 

Ship Conditions 

Length, Width, Draft, Center of gravity

Condition of frequency, Wave direction, 

Water depth and Mooring condition

Analysis frequency domain analysis by using  unit 

height regular wave 

Wave Periods T < 30 s 

(short wave)

Wave Periods T > 30 s 

(  considering resonance)

computation of unit wave force

Combined Wave forces

Computation results of ship oscillation 

quantity with short and long wave 

condition

Loading and Unloading standards 

Results of Allowable wave height 

considering harbor resonance

Significant Wave Height, Periods, Direction

Computation of quantity of ship motion by 

using Bretschneider spectrum in Irregular 

long wave condition 

computation of unit wave force

Significant Wave Height, Periods, Direction 

Computation of quantity of ship motion by 

using Bretschneider spectrum in Irregular 

short wave condition 

 
Figure 9. Flow chart of the computational procedure for ship oscillation quantity 

considering harbor resonance. 

Verification of the ship model 

∙ Computational conditions for verification 

  Ship conditions for verifying the model are listed Table 2; they are ship weight 45,500 DWT, length 

180 m, width 31 m, draft 8.915 m, and with 8 mooring lines, 12 fenders, and a water depth of 14 m. In 

addition, wave conditions for verifying the model are listed in Table 3; they are three cases of short 

period waves, and all wave conditions include harbor resonance. In case 1, the wave conditions include 

a significant wave height of 0.73 m and wave period 10.28 s. In case 2, the significant wave height is 

0.77 m and wave period is 11.66 s. In case 3, the significant wave height is 0.83 m and wave period is 

11.57 s. In all cases, the harbor resonance condition is a significant wave height of 0.15 m and wave 

period of 146 s and wave direction to the ship is 75°. 
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The ship conditions for verifying the model were the same as that used by Kubo et al. (2001) in their 

field measurements of ship motion. 

∙ Results of the ship model verification 

  The numerical model for moored ship motion was verified by comparing it with field data for 

moored ship motion obtained by Kubo et al. (2001). The results of the numerical model, including 

harbor resonance, are shown in Figure 10, along with the field data and Kubo’s model. Black shows the 

field data, gray indicates this model, and white indicates Kubo’s model. 

The results of this model show an error range of 10–15% to field data. The field data included wind 

and current, but the numerical model did not consider these effects. The results show that this model 

agrees with field data more than Kubo’s model. 

 

 

 

Figure 10. Comparison of results between computer simulation and field data with ship oscillation quantity. 

INVESTIGATION ON THE APPLICATION OF POHANG NEW HARBOR 

Computational conditions for Pohang New Harbor  

  In this study, validation of this method with an actual field harbor was carried out at Pohang New 

Harbor. The validation of this method was done by numerical simulation of short waves only, and with 

short waves as well as harbor resonance. The berth used for validation was on pier 8, which is located 

near the east breakwater. 

Table 2. Ship and mooring condition 

for ship model verification. 

Weight 45,500 tons 

Length 180 m 

Width 31 m 

Draft 8.915 m 

Wetted area 5876.04 m2 

Mooring lines 8 ea 

Fender 12 ea 

Water depth 14 m 

Table 3. Wave conditions for ship model verification. 

Short waves conditions Case 1 Case 2 Case 3 

Hs(m) 0.73 0.77 0.83 

Ts(s) 10.28 11.66 11.57 

Wave direction (°) 75 75 75 

Long waves condition 

(harbor resonance condition) 

Hs(m) 0.15 

Ts(s) 146 

Wave direction (°) 75 
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The ship type used for validation was a general cargo ship, and the ship sizes were 5,000 DWT, 

10,000 DWT, and 30,000 DWT. The mooring conditions were similar to those shown in Figure 11, with 

12 mooring lines and 8 fenders. The initial tension of the mooring lines was set to 7% of their breaking 

load. The water depth at the berth was 10 m. The dimensions for the three ship sizes are listed in Table 4. 

Figure 11. Definition sketches of the ship and mooring conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, the wave conditions for model validation are listed in Tables 5 and 6. The short wave 

conditions consisted of wave heights ranging from 0.2–1.0 m, wave period ranging from 8–12 s, 

and three different wave directions. The wave conditions including harbor resonance added 0.12 m 

to the wave height, and a wave period of 60 s, which was obtained from field data. The wave 

direction to the moored ship was set at 15°, which was obtained from simulation results of the 

wave field. 

Table 4. Ship and mooring conditions for application of 

Pohang New harbor 

  
General cargo ship 

Weight 50,000 tons 10,000 tons 30,000 tons 

Length 98 m 120 m 171.6 m 

Width 14.0 m 17.42 m 26.0 m 

Draft 4.5 m 6.0 m 7.0 m 

Wetted area 2534.39 m2 3876.04 m2 4461.60 m2 

Mooring lines 8 ea 8 ea 8 ea 

Fender 12 ea 12 ea 12 ea 

Water depth 10.0 m 10.0 m 10.0 m 

Table 5. Short waves conditions of 

Pohang New harbor 

  Short waves conditions 

Hs(m) 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 1.0 

Ts(s) 8, 9, 10, 11, 12 

Wave direction (°) 15, 45, 75 

Table 6. Long waves condition of 

Pohang New harbor 

Long waves condition 

(harbor resonance condition) 

Hs(m) 0.12 

Ts(s) 60 

Wave direction (°) 15 
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Simulation results of ship oscillation quantity 

∙ Simulation results for short waves only 

  An example of the simulation results from short waves, not including harbor resonance, is shown in 

Figure 12. This figure represents the ship motion from changing wave height and periods when the ship 

size is 10,000 DWT and the wave direction is 75°. In the figure, the horizontal axis is wave height and 

the vertical axis is the ship motion. 

With the same wave height, sway and roll motion tend to increase linearly as the wave period grows 

longer. Particularly, the roll motion increased significantly as wave period grew longer below wave 

periods of 8–10 s, but at wave periods 11–12 s roll motion changed only slightly as wave periods grew 

longer. We can say that roll motion is more sensitive to short period waves than long period waves. 

With the same wave period, sway and roll motion tends to increase linearly as wave heights grow. 

However, there is very little change in surge, heave, and yaw motion as wave heights grow. In addition, 

sway and roll motion increase as wave direction moves closer to being perpendicular to the ship’s side. 

∙ Simulation results for short waves and harbor resonance together 

  Simulation conditions when considering harbor resonance in addition to the short wave conditions 

included a wave at the resonant period. The ship and mooring conditions were similar to those under 

the short wave conditions alone. The simulation results while considering harbor resonance are shown 

in Figure 13. This figure represents the results for a ship size of 10,000 DWT and a wave direction of 

75° to the ship. 

The simulation results when considering harbor resonance in addition to short waves show an 

increase in ship motion of 10–30% over the results from short waves only. In particular, surge motion is 

obviously different from when the simulation includes only short waves. The results show that surge 

motion when considering harbor resonance tends to remain constant as the short wave periods and 

heights grow larger. From this, we can see that harbor resonance has a dominant effect on surge motion. 

 

                

 

Figure 12. Computer simulation results of the ship oscillation quantity with short wave conditions 

(short wave only, 10,000 tons, wave direction 75⁰) 
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Figure 13. Computer simulation results of the ship oscillation quantity with short and long wave conditions 

 (considering harbor resonance, 10,000 tons, wave direction 75⁰) 

Comparison of results between short waves only and short waves with harbor resonance  

  In this study, a comparison of the simulation results was done between short waves only and short 

waves with harbor resonance in order to show that harbor resonance has an effect on moored ship 

motion. The ship size used in the comparison was 10,000 DWT, and the short wave condition selected 

in this case was a wave height of 1.0 m, wave period 1.2 s, and wave direction of 75°. In addition, the 

harbor resonance condition added a wave height of 0.12 m, wave period 60 s, and wave direction of 

15°. 

The results of the comparison are shown in Figure 14. In this figure, black shows the results for short 

waves only for each ship size, and gray shows the results when also considering harbor resonance. Ship 

motion when considering harbor resonance is shown to be 10–30% greater than when the simulation 

includes only short waves. In particular, there is an obvious difference in surge motion. Surge motion 

when considering harbor resonance shows a noticeable increase as compared with the results from only 

short waves. It appears that the natural frequency of the surge motion matched the resonant frequency 

of the harbor. As ship size increases, the effect of harbor resonance on surge and heave motion tends to 

increase. However, as the ship size decreases, the effect of harbor resonance on roll, pitch, and yaw 

motion tends to increase. 

 

 

 

Figure 14. Comparison of results between short waves only and considering harbor resonance. 
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CONCLUSIONS 

This paper proposes a computational method for predicting moored ship motion considering harbor 

resonance, and estimates the effects of harbor resonance on moored ship motion. This method was 

verified with field measurements from actual moored ship motion (5,000–30,000 DWT-sized ships), 

and with wave and down time data records from an actual harbor (Pohang New Harbor). The following 

conclusions were drawn from this study: 

∙ The proposed method for simulating moored ship motion considering harbor resonance was verified 

with field data from actual moored ship motion. The simulation of moored ship motion considering 

harbor resonance provides results that are more similar to field data than when harbor resonance is 

not considered. 

∙ The simulation results of moored ship motion when harbor resonance was considered showed an 

increase in ship motion of 10–30% over the results when harbor resonance was not considered. In 

particular, surge motion shows an obvious increase. 

∙ The effect of harbor resonance on surge and heave motion tends to increase as ship size increases. 

However, the effect of harbor resonance on roll, pitch, and yaw motions tends to increase as ship size 

decreases. 

∙ Moored ship motions increase when waves approach from the side of the ship. The increased ship 

motion was due to increased sway and roll. 

 

This computational method for estimating moored ship motion considering harbor resonance is useful 

for harbor design when the harbor resonance occurs frequently due to infragravity waves and long 

waves. Harbor design using this method can improve harbor stability and increase the harbor working 

day. 
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