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Abstract: 12 

Focused wave groups are traveling waves characterized by extremely-large transient wave 13 

amplitudes and very short durations. These waves usually cause serious damage to marine/offshore 14 

structures and coastal infrastructures, and can even result in human casualties (Nikolkina and 15 

Didenkulova, 2011). The studies on natural disasters related to the focused wave groups near the 16 

coastal zone have been mostly confined to wave evolution over beaches, wave runup, overtopping, 17 

and their impact forces acting on the coastal infrastructures (e.g., the seawall and the circular 18 

cylinder); the influence of focused transient wave groups on harbors has not yet been studied.    19 

    In this study, the generation and propagation of focused transient wave groups and their 20 

interactions with the harbor are simulated using a fully nonlinear Boussinesq model, FUNWAVE 21 

2.0. To this end, four elongated harbors with constant depth and a series of focused wave groups 22 

with various focused wave amplitudes, spectral width parameters, and incident directions are 23 

considered. Based on the Morlet wavelet transform and discrete Fourier transform techniques, the 24 

capability of focused transient wave groups to trigger the harbor resonance phenomenon is revealed 25 

for the first time. Subsequently, the influences of spectral width parameter, incident wave direction, 26 

and resonant mode on different resonant wave parameters (including maximum runup and resonant 27 

intensity of various resonant modes inside a harbor) are comprehensively investigated, and it is 28 
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found that these three factors have significant effects on resonant wave parameters.  1 

 2 
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 6 

1. Introduction 7 

Harbor resonance (also termed as harbor oscillations) is the trapping and amplification of wave 8 

energy inside a semi-enclosed water body, such as a bay or harbor. It may be induced by infragravity 9 

waves, steady-state wave groups, atmospheric fluctuations, tsunami waves, or shear flows traveling 10 

into the semi-enclosed water body (Bowers, 1977; De Jong and Battjes, 2004; Dong et al., 2013; 11 

Fabrikant, 1995; Gao et al., 2017a; Gao et al., 2019a; Gao et al., 2019b; Kumar and Gulshan, 2017; 12 

Okihiro and Guza, 1996). Harbor oscillations may interrupt the operation of docks and create 13 

excessive mooring forces that probably break mooring lines by generating unacceptable vessel 14 

movements (Gulshan et al., 2020; Kumar et al., 2016; López and Iglesias, 2014). The early stage 15 

developments and the recent advances in understanding and modelling of harbor resonance had been 16 

reviewed by Miles (1974) and Rabinovich (2009), respectively. 17 

The scientific studies on harbor resonance began in the early 1950s (Vanoni and Carr, 1950); 18 

however, the overwhelming majority of past investigations were restricted to stationary or transient 19 

harbor resonance induced by external oceanic waves propagating from the open sea. The stationary 20 

harbor resonance is mainly triggered by periodic forcing waves, such as steady-state short wave 21 

groups or steady-state infragravity waves. The resonance inside a harbor increases considerably 22 

before the energy input from the external oceanic waves is balanced by energy losses caused by 23 

boundary absorption, bottom friction, and radiation from the entrance (e.g., Chen et al. (2006); Gao 24 

et al. (2017b); Gao et al. (2018b); Kumar and Gulshan (2018); Losada et al. (2008); Rupali et al. 25 

(2020); Wang et al. (2011); Wang et al. (2014)). The transient resonance inside a harbor is mainly 26 

triggered by transient long waves, such as various types of tsunami waves including solitary waves, 27 

N-waves, and successive solitary waves (Dong et al., 2010a; Gao et al., 2018a). When the transient 28 

long waves impact on the harbor, the resonance does not experience a prolonged growth stage and 29 

immediately attains its maximum value (Dong et al., 2010a).     30 
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In the field of marine/offshore engineering, a compact focused wave group, which is referred 1 

to as NewWave for design purposes, was proposed by Tromans et al. (1991). Based on the rigorous 2 

probabilistic analysis of the local maximum shapes for linear Gaussian processes (Lindgren, 1970), 3 

the expected shape of a large wave in a sea state is successfully linked to the bulk properties of the 4 

sea state by the NewWave theory. This theory provides an efficient alternative to either long regular 5 

wave or irregular wave design methods for scientific and engineering issues wherein the 6 

survivability of structures subjected to extreme events or the overtopping over structures are the 7 

primary concerns. In particular, an extreme response during a specified period of irregular wave 8 

incidence could be reproduced accurately by using a short-time experiment (Jonathan and Taylor, 9 

1997). In the last two decades, the related theories and applications of the focused wave groups have 10 

been significantly developed in marine/offshore engineering (e.g., Bredmose and Jacobsen (2010); 11 

Buldakov et al. (2003); Chen et al. (2018); Dong et al. (2019); Liu et al. (2015); Ma et al. (2009); 12 

Zhao et al. (2017)). 13 

Although focused wave groups have been well established and widely utilized in 14 

marine/offshore engineering, their use in coastal engineering is still relatively rare and novel. Based 15 

on laboratory experiments, Hunt-Raby et al. (2011) investigated the overtopping of two types of 16 

extreme waves (focused wave groups and solitary waves) on a trapezoidal embankment. Paulsen et 17 

al. (2014) proposed a fully nonlinear domain-decomposed solver to efficiently compute the wave 18 

loads on the surface-piercing circular cylinder. Four different incident wave trains with increasing 19 

complexity including the focused wave groups were considered. Subsequently, by coupling a 20 

higher-order boundary element method with a mixed Eulerian–Lagrangian technique, Ning et al. 21 

(2017) extensively studied the runup of focused wave groups and their pressure on a vertical seawall. 22 

Recently, both laboratory measurements and numerical simulations of multi-directional focused 23 

wave groups interacting with a plane beach were presented by Judge et al. (2019). The adopted 24 

numerical model was a hybrid flow solver governed by a Boussinesq equation set for pre-breaking 25 

and nonlinear shallow water equations for post-breaking, and the wave evolution processes and the 26 

extreme runup on the beach were systematically investigated.  27 

As can be seen from the descriptions in the previous paragraph, heretofore, the studies on 28 

natural disasters triggered by focused wave groups in coastal zones have been mostly confined to 29 

wave evolution over the beach, wave runup, overtopping, and their impact forces acting on the 30 
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coastal infrastructures (e.g., the seawall and the circular cylinder). To the best of our knowledge, the 1 

interactions between focused transient wave groups and harbors have not yet been investigated. The 2 

stationary harbor resonance induced by steady-state wave groups has been extensively investigated 3 

by many scholars (e.g., Bowers (1977); Chen et al. (2006)). For the stationary harbor resonance, a 4 

relatively long time is required to trap and amplify the wave energy of various resonant modes inside 5 

the harbor (Bellotti, 2007; Dong et al., 2010b; Gao et al., 2016). However, focused wave groups 6 

have the transient nature. Sufficient time is not available for them to trap and amplify the wave 7 

energy of various resonant modes inside the harbor. Therefore, the following three questions arise:  8 

(1) Can focused wave groups trigger the harbor resonance phenomenon under certain circumstances?  9 

(2) If the answer to question (1) is yes, how the variation of incident wave parameters, such as 10 

spectral width parameter and incident wave direction, will affect the resonant wave surfaces inside 11 

the harbor? 12 

(3) If the answer to question (1) is yes, what are the differences between the resonant responses of 13 

various modes when they are triggered by an identical focused wave group?        14 

To address these questions, in this study, we systematically investigate focused wave group 15 

interactions with four different harbors for the first time. The generation and propagation of focused 16 

wave groups and their interactions with the harbor are implemented by employing the fully 17 

nonlinear Boussinesq equation model, FUNWAVE 2.0 (Kirby et al., 2003). A series of focused 18 

transient wave groups with identical spectral peak frequency and different spectral width parameters, 19 

and focused wave amplitudes are generated. To create the desired focused transient wave groups, 20 

the NewWave theory and an amplitude/phase iterative technique are first adopted in a simple 21 

elongated wave flume in the absence of the harbor. Once the desired wave trains are obtained, their 22 

wave-making signals are then used as the input parameters in other two wave flumes, which have 23 

different harbor layouts, so that the incident focused wave groups can travel into the harbor from 24 

two different directions (perpendicularly to or parallel with the harbor entrance). For simplification, 25 

all the four harbors are assumed to be long and narrow; the free-surface displacement inside them 26 

essentially becomes one-dimensional. The water depth inside and outside the harbors is set to a 27 

constant. To record the wave surfaces triggered by the incident focused wave trains, a series of 28 

numerical wave gauges are deployed inside the harbors.  29 

Morlet wavelet transform (MWT) and discrete Fourier transform (DFT) techniques are adopted 30 
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to check both the time- and frequency-domain information of the wave surfaces inside the harbor, 1 

through which the capacity of the focused wave groups to trigger the harbor resonance phenomenon 2 

is first revealed in this study. Further, the influences of two incident wave parameters (spectral width 3 

parameter and incident wave direction) and different resonant modes on resonant wave parameters 4 

inside the harbor are extensively studied. The following two resonant wave parameters are 5 

concerned: (i) the maximum runup inside the harbor, which is closely related to the wave-induced 6 

overtopping and inundation, and (ii) the resonant intensity of various resonant modes, which 7 

significantly affects the motion of the ships moored inside the harbor, and thus, is closely associated 8 

with the port's operational efficiency.  9 

The remainder of the paper is organized as follows: Section 2 introduces the numerical model 10 

and the data analysis technique. The capacity of the former to accurately reproduce the harbor 11 

oscillations induced by incident waves with different incident angles is validated by two laboratory 12 

experiments. Section 3 describes the generation methods of focused transient wave groups, which 13 

include the NewWave theory and the amplitude/phase iterative technique, and presents the setup of 14 

the numerical wave flume as well. Section 4 describes the simulation results along with detailed 15 

explanations. Concluding remarks based on the results are given in Section 5.  16 

 17 

2. Numerical model and data analysis technique 18 

2.1. Numerical model description 19 

In this study, numerical simulations are implemented by adopting the well-known and widely-20 

used FUNWAVE 2.0 model (Kirby et al., 2003), which refers to a fully nonlinear Boussinesq wave 21 

model in the generalized curvilinear coordinates. FUNWAVE 2.0 was initially developed by the 22 

research group at Center for Applied Coastal Research of University of Delaware. This model solves 23 

a set of fully nonlinear Boussinesq equations of Wei et al. (1995) using a finite difference scheme 24 

and merges a moving reference level as done in a study by Kennedy et al. (2001). With the advances 25 

in both nonlinearity and dispersion, the numerical model is able to accurately simulate the 26 

propagation and transformation of the oceanic waves with strong nonlinearity in two horizontal-27 

dimensions from intermediate depth to zero water depth (Bruno et al., 2009; Kirby et al., 2003). The 28 

one-way wave maker theory proposed by Chawla and Kirby (2000) is used to generate 29 

monochromatic or random waves, and the line source wave-making method proposed by Lee et al. 30 
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(2001) is adopted to create focused transient wave groups in the present work. Sponge layers are 1 

deployed at the boundaries of the numerical wave flume to effectively absorb the outgoing waves 2 

with various directions and frequencies.  3 

 4 

2.2. Numerical model verification by physical experiment 5 

Considering that the influence of the incident direction of focused wave groups on the harbor 6 

resonance is one of the main concerns in this study, the capacity of FUNWAVE 2.0 to simulate 7 

harbor resonance excited by incident waves with different incident angles is first validated in this 8 

section. The numerical model is used to reproduce harbor resonance experiments of Losada et al. 9 

(2008) and De Girolamo (1996), wherein the harbor resonance induced by normally-incident regular 10 

waves with various wave heights and that excited by parallel-incident wave groups with various 11 

frequency components were implemented, respectively. The time series of the resonant free-surface 12 

elevations inside the harbor and the amplification factor curves of the wave surfaces inside the 13 

harbor predicted by the numerical model are compared with the experimental measurements of these 14 

two studies, respectively. 15 

 16 

2.2.1 Harbor oscillations excited by normally-incident waves 17 

To deepen the understanding on the process of nonlinear harbor oscillations and to validate 18 

their numerical model, a series of laboratory experiments of harbor resonance inside two adjacent 19 

parallel rectangular narrow inlets with variable lengths were implemented by Losada et al. (2008) 20 

in a 70 m long, 2 m wide and 2 m high wave flume at the University of Cantabria. The flume is 21 

equipped with a wave generation system composed of a pendulum type wave maker and an active 22 

wave absorption control system. 23 

Fig. 1 shows the experimental setup and locations of wave gauges for the experiments of 24 

Losada et al. (2008). The physical model consisted of two adjacent narrow rectangular inlets 25 

positioned at the right end of the wave flume. The width of the two inlets was set to a constant value 26 

of 0.2 m and their lengths varied between 0 and 5 m. The longitudinal axis of Inlet 1 was deployed 27 

at the center of the flume, and that of Inlet 2 was 0.5 m off and closer to one of the flume lateral 28 

walls. The entrance position of both inlets remained unchanged throughout the experiments. A total 29 

of 25 sub-geometries were obtained by combining five different fixed lengths for Inlet 1 (L1=1, 2, 30 
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3, 4, and 5 m) with five fractional lengths (0, 0.25, 0.5, 0.75, and 1) for Inlet 2, among which the 1 

lengths of 1, 3, and 5 m match the natural resonant mode for the experimental wave conditions. 2 

Regular wave trains with various wave heights and a constant wave period of T=2 s were generated 3 

and propagated from left to right of the wave flume (the direction of the incident waves is 4 

perpendicular to the inlet entrance). The water depth was constant, h=0.5 m, thereby yielding a 5 

wavelength of L=4.06 m. The time series of free-surface elevations were measured at 18 locations 6 

inside the wave flume.  7 

 8 

 9 

Fig. 1. Definition sketch of the experimental setup and the locations of wave gauges for the 10 

experiments of Losada et al. (2008). 11 

 12 

In this section, four cases of the experiments of Losada et al. (2008) are chosen to be 13 

reproduced by FUNWAVE 2.0, and the experimental parameters for these cases are listed in Table 14 

1. For cases 0101 and 0303, the entrance of Inlet 2 is closed (L2=0) and the 1st and the 2nd resonant 15 

modes of Inlet 1 are excited by the incident regular waves, respectively. For cases 0903 and 1702, 16 

the two inlets have the identical lengths, and the 3rd and the 2nd modes of both inlets are induced by 17 

the waves, respectively. In addition, the resonance of water bodies inside them will interact with 18 

each other because of the close distance between the entrances of the two inlets, which is called as 19 

“coupled oscillations” (Liu et al., 2003; Marcos et al., 2004). The numerical wave flume used for 20 

reproducing the physical experiments is presented in Fig. 2. Compared to the physical wave flume, 21 

the length of the numerical flume is significantly reduced because the sponge layer deployed near 22 

the left boundary absorbs the reflecting waves effectively. As the numerical model is discretized 23 
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using curvilinear grids, different grid spaces are used. In the x-direction, for the domain where there 1 

is no sponge layer deployed (hereinafter referred to as “no-sponge-layer domain”), the grid size Δx 2 

is set to a constant value of 0.05 m; however, for the sponge-layer domain, Δx, increases gradually 3 

from 0.05 to 0.30 m. In the y-direction, the grid size Δy is kept at a constant value of 0.025 m. The 4 

time step of Δt=0.005 s is adopted for all these simulations.  5 

 6 

Table 1. Experimental parameters for part of the experiments of Losada et al. (2008)  7 

Case L1 (m) L2 (m) H (m) ε=H/L 

0101 1.0 0.0 0.05 0.0123 

0303 3.0 0.0 0.05 0.0123 

0903 5.0 5.0 0.05 0.0123 

1702 3.0 3.0 0.025 0.0061 

 8 

 9 

Fig. 2. Sketch of the numerical flume for the experiments of Losada et al. (2008). 10 

 11 

Fig. 3 illustrates the measured and model-predicted time series of the free-surface elevations 12 

at gauges G18 and G15 for the four cases listed in Table 1. It is observed that the measured data and 13 

the numerical results for all the four cases are in good agreement. All nonlinear characteristics, such 14 

as asymmetry of waveform and occurrence of secondary crests, are captured accurately by the 15 

FUNWAVE 2.0 model. 16 
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 1 

Fig. 3. Comparisons of the time series of the numerical (line) and experimental (dot) free surfaces 2 

at gauges G18 and G15 for the four cases listed in Table 1. 3 

 4 

2.2.2 Harbor oscillations excited by parallel-incident waves 5 

To determine if there are differences in the harbor response when oscillations are excited by 6 

regular free long waves or by bound long waves, De Girolamo (1996) performed a set of laboratory 7 

experiments to model the harbor resonance induced by regular long waves, bichromatic short-wave 8 

groups, and irregular short waves. The physical model was composed of a 15 m long and 3 m wide 9 

wave flume connected to a square basin (16 m × 16 m). A piston-type wave generator was deployed 10 

at the upstream end of the wave flume. One side of the flume outlet was made by a vertical wall of 11 

a sector of circle with the radius of 2 m. A narrow bay was arranged inside the square basin with its 12 

main axis being orthogonal to the straight vertical wall of the flume, which means that the direction 13 

of the incident waves is parallel to the bay entrance. Two bays with the same width and different 14 

lengths were considered: the longer one with the length of 2.4 m (Bay A) and the shorter one with 15 

the length of 1.2 m (Bay B). Both of them have the width of 0.2 m. The bottom of the bay, of the 16 

wave flume and of part of the basin was a horizontal, smooth concrete surface. The remaining part 17 

of the horizontal basin bottom was covered with gravel. The still water depth over the horizontal 18 

bottom was set to 0.15 m. Gravel beaches were arranged around the boundaries of the basin to 19 

efficiently absorb the outgoing wave energy.  20 

 21 
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 1 

Fig. 4. Reproduction of the experimental set-up of De Girolamo (1996). 2 

 3 

Fig. 4 shows the reproduction of the experimental setup in the numerical simulations. In this 4 

study, only the bay responses excited by bichromatic wave groups are simulated. The bichromatic 5 

short-wave groups were gained by using two regular short-wave components with slightly different 6 

frequencies, 1  and 2 , so that wave groups occurred at a beat frequency 2 1      7 

(assuming 2 1  ). In De Girolamo (1996), the frequency 1  was kept constant, i.e., 8 

1 5.71 rad/s  , and 2  was modified to obtain beat frequencies around the peak frequencies of 9 

the amplification diagram gained experimentally by using regular long waves. The amplitude of the 10 

short-wave components was about 1 cm for all the tests. Non-uniform grid sizes are adopted in both 11 

the x- and y-directions. In the x-direction, the grid size Δx is set to a constant value of 0.06 m in the 12 

area of the wave flume where the incident waves are generated and propagates toward the basin. 13 

Subsequently, Δx gradually decreases from 0.06 m at the outlet of the wave flume to 0.02 m near 14 

and at the bay entrance. Further, Δx increases gradually from 0.02 m at the beginning of the right 15 

sponge layer to 0.32 m at the right boundary. In the y-direction, the grid size Δy is kept a constant 16 

value of 0.02 m inside the bay and then increases gradually from 0.02 m at the bay entrance to 0.34 17 

m at the lower boundary of the numerical wave flume. The time step of Δt=0.008 s is adopted.  18 

Fig. 5 presents the comparison between the model-predicted and the measured amplification 19 

factor F, which is defined as  20 

  
 

 
0

C

S
F

S




 




 
.  (1) 21 

 0S   and  CS   are the energy spectrum densities measured at the backwall of the bay with 22 

the bay entrance open and that measured in front of the bay with the entrance closed, respectively; 23 
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δ is a constant small finite quantity (δ=0.03 cm2 s/rad). It is observed that for both Bay A and Bay 1 

B, the model-predicted amplification factors present good consistency with the measurements 2 

overall, although the former is shown to be slightly larger than the latter. The maximum 3 

amplification factors obtained by the experiments are F=4.2 and F=2.1 for Bays A and B, 4 

respectively, and the corresponding numerical results are F=4.8 and F=2.6. The predicted results 5 

are slightly larger than the measured data because some wave energy dissipation mechanisms occur 6 

in the physical experiments, such as bottom friction and flow separation around the bay entrance, 7 

which are not considered in the numerical simulations.  8 

 9 

 10 

Fig. 5. Variation of amplification factor F related to the frequency of wave groups, ∆ω: (a) Bay A 11 

and (b) Bay B. 12 

 13 

2.3. Data analysis technique 14 

The simulation results for all numerical experiments conducted in this study will be analyzed 15 

by using the MWT and DFT techniques. Compared with the conventional Fourier transform, the 16 

wavelet transform technique is relatively new for signal processing. By featuring no assumption of 17 

stationary signal, the wavelet transform can create not only the localized frequency-domain 18 

information but also the localized time-domain information from the time series. For real time series, 19 

their analytical signals at each frequency can be established by the MWT because the Morlet wavelet 20 

is an analytical wavelet (Goupillaud et al., 1984). Over the last two decades, the MWT technique 21 

has been widely used in ocean and coastal engineering (Dong et al., 2008; Huang, 2004; Judge et 22 

al., 2019). In this study, to examine whether the focused transient wave groups can induce harbor 23 

resonance, the MWT is first used to analyze the time series of the free-surface elevations inside the 24 

harbor. Based on the research finding that the focused transient wave groups can successfully excite 25 
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the harbor resonance (this will be discussed further in subsection 4.1), the DFT is further adopted to 1 

quantitatively extract the response amplitudes of various resonant modes at different positions inside 2 

the harbor. It should be noted that because of the transient property of the focused wave groups, the 3 

response amplitudes of various resonant modes calculated by the DFT represent their time-averaged 4 

response amplitudes in the time range of the analysis.    5 

 6 

3. Numerical experimental setup 7 

3.1. Generation of focused wave groups 8 

    A NewWave-type focused transient wave group is composed of numerous individual cosine 9 

wave components, which focus at a specific point in space and time (Tromans et al., 1991). Based 10 

on the linear wave theory, the free-surface elevation at any spatial position and any time for a uni-11 

directional focused wave group is expressed as follows: 12 

  
1

, cos
N

n n

n

x t a 


 ,  (2) 13 

where 14 
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n N

nn

S f f
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,  (3) 15 

    f f2n n nk x x f t t     .  (4) 16 

In the above equations, N denotes the number of all compositive wave components. an, fn, and 17 

kn denote the wave amplitude, frequency, and wavenumber of the nth wave component, respectively, 18 

wherein fn and kn satisfy the following linear dispersion relationship: 19 

    
2

2 tanhn n nf gk k h  .  (5) 20 

Af is the focused wave amplitude that occur at the focus location and time. xf and tf are the focus 21 

location and focus time, respectively. Δf is the frequency increment. S(fn) is the wave energy 22 

spectrum that describes the wave energy distribution among various wave components. In this study, 23 

the modified JONSWAP spectrum suggested by Goda (1999) is adopted, which is expressed as  24 

    
 

2 2exp 1 24
2 4 5

1 3

5
exp

4

pf f

J p pS f H T f T f


 
        

   
 

, (6) 25 

where f is the frequency, σ is the spectral shape parameter, and σ = 0.07 when f < 1/Tp, otherwise σ 26 

= 0.09. Tp is the spectral peak period, fp=1/Tp is the spectral peak frequency, and γ is the spectral 27 
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bandwidth parameter. βJ is defined as a function of the spectrum bandwidth parameter and is 1 

expressed as follows: 2 

  

 
1

0.06238 1.094 0.01915ln

0.23 0.0336 0.185 1.9
J




 


 


  
.  (7) 3 

In the current research, 100 frequency components equally spaced between 0.3fp to 3.0fp are utilized 4 

to generate the focused transient wave group.    5 

It should be noted that the dispersive focusing method given in Eq. (2) is based on the linear 6 

wave theory, which would inevitably cause a shift of the actual focused position and focused 7 

amplitude because of nonlinear wave-wave interactions (Baldock et al., 1996; Johannessen and 8 

Swan, 2008). In this study, the iterative approach proposed by Schmittner et al. (2009) and 9 

Fernández et al. (2014) is adopted. The method iteratively corrects both the initial phases and the 10 

amplitudes of various frequency components in a wave group, which is given by 11 

        1 1

in in tgt out/k k k

n n n na f a f a f a f  ,  (8) 12 

and 13 

         1 1

in in tgt out

k k k

n n n nf f f f       ,  (9) 14 

where  in

k

na f  and  in

k

nf  denote the amplitude and phase of an input spectral component at 15 

frequency fn, respectively.  out

k

na f  and  out

k

nf denote the amplitude and phase of the 16 

corresponding frequency components of the recorded/measured output spectrum, respectively. The 17 

superscript k refers to the kth iteration.  tgt na f  and  tgt nf  are determined by the pre-selected 18 

target spectrum, i.e., Eq. (6). Iteration continues until the simulated focused wave amplitude 19 

matches the target one, and various frequency components focus at the desired location in the flume.  20 

 21 

 22 

     23 

 24 

 25 

 26 

3.2. Numerical wave flume 27 

 28 
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 1 

Fig. 6. Numerical wave flumes and the definition of the coordinate systems for generating focused 2 

wave groups (a) without harbor, (b) vertically propagating into the harbor, and (c) parallel 3 

propagating into the harbor. The red and black dashed lines refer to the wave-making lines and the 4 

target focused position, respectively. L0 denotes the length of the harbor. 5 

 6 

Fig. 6 shows the three numerical wave flumes adopted in all the simulations and the definition 7 

of their coordinate systems. To generate the desired focused transient wave groups, a simple 8 

elongated wave flume in the absence of the harbor is first utilized (Fig. 6a). The origin of the 9 

coordinate system for each numerical wave flume is always defined at the wave-making line. The 10 

target focused position is always set to xf =13.0 m for all focused wave groups considered in this 11 

article. Based on the NewWave theory and the amplitude/phase iterative method described in 12 

subsection 3.1, the desired focused wave groups with various wave parameters can be successfully 13 

generated. Subsequently, the obtained wave-generating signals are further utilized in the numerical 14 

wave flumes shown in Fig. 6b and c, wherein the incident focused wave groups coming from the 15 

left to the right can propagate into the harbor perpendicularly to or parallel with the harbor entrance, 16 

respectively. To reasonably investigate the effects of the incident wave direction on the wave 17 

surfaces (especially on the maximum runup) inside the harbor, for the wave flume shown in Fig. 6b, 18 

the position of the backwall of the harbor is always set to be at the focus point, and for the wave 19 

flume shown in Fig. 6c, the central line of the harbor is set to be collinear with the latter. This 20 

arrangement can eliminate the influence of inconsistent relative positions between the focused point 21 
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and the backwall of the harbor on the research results. 1 

 2 

Fig. 7. Amplification factor curves of Harbors 1–4 predicted by using the linear analytical solution 3 

of Mei (1983). fi,j in the figure denotes the resonant frequency of the jth mode (Mode j) for Harbor i. 4 

 5 

In this paper, four elongated rectangular harbors with various lengths and identical width 6 

(Harbors 1–4) are considered. The lengths of Harbors 1–4, L0, are set to 0.92, 3.56, 6.18, and 8.80 7 

m, respectively, and their width is set to W=0.5 m. Based on the linear analytical solution for the 8 

resonance of an elongated harbor (Mei, 1983), the amplification factor curves of the four harbors 9 

are calculated and presented in Fig. 7. The symbol fi,j in the figure denotes the resonant frequency 10 

of the jth mode (i.e. Mode j) for Harbor i (i=1, 2, 3, and 4). It is noted that for Mode 1 of Harbor 1, 11 

Mode 2 of Harbor 2, Mode 3 of Harbor 3 and Mode 4 of Harbor 4, they have the same resonant 12 

frequency and have almost the same linear amplification factor. Their resonant frequency is f1,1 = 13 

f2,2 = f3,3 = f4,4 = 0.50 Hz and their amplification factors are 3.54, 3.58, 3.59, and 3.60, respectively. 14 

To examine whether the focused wave groups can induce harbor resonance, the spectral peak 15 

frequency, fp, of all the focused transient wave groups used in this study is set to equal the resonant 16 

frequency of these four modes, i.e., fp = 0.50 Hz. The purpose of ensuring the same resonant 17 

frequency and the almost identical amplification factor for Mode 1 of Harbor 1, Mode 2 of Harbor 18 

2, Mode 3 of Harbor 3 and Mode 4 of Harbor 4 is to better investigate the effects of different resonant 19 

modes on the wave surfaces inside the harbor (this will be discussed in subsection 4.4). In other 20 

words, the above experimental settings can eliminate the influences of inconsistent spectral peak 21 
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frequencies of the incident focused waves and inconsistent amplification factors on the research 1 

results. The focused wave amplitude, Af, increases gradually from 0.02 m to 0.12 m, in an interval 2 

of 0.02 m. To reveal the effects of the spectral width parameter on harbor resonance, three different 3 

values of γ (i.e., γ = 1.3, 3.3 and 10) are considered.  4 

For all the three numerical wave flumes shown in Fig. 6, all boundaries are set to be fully 5 

reflective vertical walls, the water depth is set to a constant of h=1.0 m, and the widths of the sponge 6 

layers deployed are all set to 30.0 m, which is approximately six times of the spectral peak 7 

wavelength Lp. The dimensions of the three wave flumes are 80.0 m × 0.1 m, 44.0 m × 8.5 m, and 8 

80.0 m × (16.2+L0) m (L0 is the length of the harbor), respectively. For the wave flume shown in 9 

Fig. 6a, a wave gauge G01 is installed at xf = 13.0 m to measure the time series of the free-surface 10 

elevation at the target focused position. In addition, to record the wave conditions inside the harbor, 11 

a series of wave gauges (G01–GN) are arranged equidistantly along the central line of the harbor, and 12 

the distance between adjacent wave gauges is always set to 0.1 m. The numbers of the wave gauges 13 

deployed inside Harbors 1–4, N, are 10, 36, 62, and 89, respectively. The gauge G01 is installed at 14 

the backwall of the harbor and the gauge GN is near or just at the harbor entrance.  15 

Non-uniform grid sizes are also utilized in the x-direction for all the three numerical wave 16 

flumes shown in Fig. 6. For the no-sponge-layer domains, the grid size Δx is set to a constant 0.025 17 

m; however, for the sponge-layer domains, Δx gradually increases from 0.025 m to 0.628 m at the 18 

left/right boundaries. In the y-direction, for the two numerical flumes shown in Fig. 6a and b, the 19 

grid size Δy is kept at a constant value of 0.025 m in the whole computational domains; meanwhile, 20 

for the numerical flume shown in Fig. 6c, Δy is set to 0.025 m inside the harbor and then increases 21 

gradually from 0.025 m at the harbor entrance to 0.312 m at the lower boundary. For all the 22 

numerical experiments described in this section, a time step of Δt = 0.004 s is utilized, and the total 23 

simulation time is 65.0 s. 24 

Prior to implementing numerical simulations, it is essential to check first whether the numerical 25 

model and the iterative approach described by Eqs. (8) and (9) can produce the desired focused 26 

wave groups accurately. Figs. 8 and 9 show the comparisons of the simulated and theoretical free-27 

surface elevations and their amplitude spectra at the target focused position for the focused transient 28 

wave groups with Af = 0.02 m and various spectral bandwidth parameters γ in the absence of the 29 

harbor, respectively. As shown in Fig. 8, the simulated free-surface elevations coincide fairly well 30 
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with the theoretical ones under the conditions of Af = 0.02 m and various spectral bandwidth 1 

parameters. The good agreement between their amplitude spectra is also clearly observed in Fig. 9. 2 

This indicates that the FUNWAVE 2.0 model combined with the iterative approach has the capability 3 

to accurately generate the desired focused transient wave groups.  4 

 5 

 6 

Fig. 8. Comparison of the simulated and theoretical free-surface elevations at the target focused 7 

position (i.e., at gauge G01) for Af = 0.02 m and various spectral bandwidth parameters γ in the 8 

absence of the harbor.  9 

 10 
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Fig. 9. Comparison of the simulated and theoretical amplitude spectra for the free-surface elevations 1 

shown in Fig. 8.  2 

 3 

4. Results and discussion 4 

The wave surfaces inside different harbors subjected to the focused wave groups with various 5 

values of γ in Eq. (6) are first analyzed in subsection 4.1 using both the MWT and DFT techniques, 6 

through which the capability of the focused wave groups to trigger the harbor oscillation 7 

phenomenon is revealed for the first time. Based on the analysis results in subsection 4.1, effects of 8 

the spectral width parameter γ, the incident wave direction and the resonant mode on resonant wave 9 

parameters inside the harbor are further investigated in subsections 4.2–4.4, respectively. The 10 

resonant wave parameters to be studied include the maximum runup inside the harbor and the 11 

response amplitude of various resonant modes. It should be noted that the term “the maximum runup 12 

inside the harbor” refers to the maximum vertically projected free-surface elevation inside the whole 13 

harbor. The maximum runup inside the harbor conceptually differs from the maximum free-surface 14 

elevation at the backwall of the harbor because the former may also occur at the sidewall of the 15 

harbor. However, for all the cases described in Section 3, the maximum runup inside the harbor is 16 

always equal to the maximum free-surface elevation at the backwall; this is established in subsection 17 

4.1. 18 

 19 

4.1. Time series and spectra analysis 20 

Fig. 10 presents the spatial distributions of the maximum free-surface elevations inside Harbors 21 

1–4 excited by focused wave groups with Af = 0.12 m, γ=3.3 and different incident directions. R in 22 

this figure denotes the maximum free-surface elevation at each wave gauge. It is seen that for all 23 

the four harbors, the maximum runup inside the harbor always occurs at the backwall (at gauge G01), 24 

regardless of whether the incident focused wave groups propagate into the harbor perpendicularly 25 

to or parallel with the harbor entrance. For other incident focused wave amplitudes and spectral-26 

width parameters, the similar phenomenon can also be observed. Hence, it is proved that for all the 27 

cases considered, the maximum runup inside the harbor, Au, is always equal to the maximum free-28 

surface elevation at gauge G01. 29 

 30 
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 1 

Fig. 10. Spatial distributions of the maximum free-surface elevations inside the harbor excited by 2 

focused wave groups with Af = 0.12 m and γ=3.3. (a)–(d) correspond to Harbors 1–4 subjected to 3 

normally-incident focused wave groups, respectively. (e)–(h) correspond to Harbors 1–4 subjected 4 

to parallel-incident focused wave groups, respectively. The symbol R in this figure denotes the 5 

maximum free-surface elevation at each wave gauge. 6 

 7 

Fig. 11 shows the comparisons of the time series of the free-surface elevation at gauge G01 in 8 

the absence of the harbor and the corresponding ones inside Harbors 1 and 4 excited by normally-9 

incident focused wave groups with Af = 0.12 m and various values of γ. Four obvious phenomena 10 

can be easily seen. First, due to the existence of the harbor, the maximum response amplitudes at 11 

gauge G01 inside both harbors are much larger than the focused amplitudes of the incident focused 12 

wave groups. The value of Au/Af varies between 2.65 and 6.09 for the six cases shown in this figure. 13 

Second, the maximum response amplitudes inside Harbor 1 are shown to be obviously larger than 14 

those inside Harbor 4 for all the three values of γ. Third, the maximum response amplitude inside 15 

both harbors increases gradually with the increase of γ. Fourth, compared to the incident focused 16 

wave groups, it takes much longer time for the wave surfaces inside both harbors to return to calm. 17 

Generally, for all the six cases in this figure, the incident focused wave groups have almost totally 18 

passed through the gauge G01 at t =35.0 s in the absence of the harbor; however, for the wave surfaces 19 

Parallel-incident

5 6 7 8 9 10 11 12 13
0

1

2
R

/A
f

x (m)

(h) Harbor 4

7 8 9 10 11 12 13
0

1

2

R
/A

f

x (m)

(g) Harbor 3

10 11 12 13
0

1

2

R
/A

f

x (m)

(f) Harbor 2

12.2 12.4 12.6 12.8 13.0
0

1

2

R
/A

f

x (m)

(e) Harbor 1

5 6 7 8 9 10 11 12 13
0

2

4

R
/A

f

x (m)

(d) Harbor 4

7 8 9 10 11 12 13
0

2

4

R
/A

f

x (m)

(c) Harbor 3

10 11 12 13
0

2

4

R
/A

f

x (m)

(b) Harbor 2

12.2 12.4 12.6 12.8 13.0
0

3

6
R

/A
f

x (m)

(a) Harbor 1

Normally-incident



20 
 

inside both harbors, they always show obvious fluctuations until the end of the simulation.    1 

 2 

 3 

Fig. 11. Time series of the free-surface elevation at gauge G01 in the absence of the harbor and the 4 

corresponding ones inside Harbors 1 and 4 excited by normally-incident focused wave groups with 5 

Af = 0.12 m and various values of γ. (a)–(c) and (d)–(f) correspond to Harbors 1 and 4, respectively. 6 

Au denotes the maximum free-surface elevation at gauge G01 inside the harbor (i.e., the maximum 7 

runup inside the harbor). 8 

 9 

It should be noted that the first and fourth phenomena described above coincide well with the 10 

following two typical characteristics of harbor oscillations: (i) the free-surface elevation inside the 11 

harbor can be remarkably amplified, and (ii) the resonant wave surfaces inside the harbor always 12 

need a long time to restore calm (Bellotti, 2007; Dong et al., 2010b). Therefore, it can be inferred 13 

that the focused transient wave groups are probably able to excite the significant harbor oscillations. 14 

The second and third phenomena will be discussed in detail in subsections 4.2 and 4.4. 15 

 16 
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 1 

 2 

Fig. 12. Wavelet spectra for the time series of the free-surface elevations at gauge G01 inside Harbors 3 

1 and 4 presented in Fig. 11. (a)–(c) correspond to Harbor 1 with γ = 1.3, 3.3, and 10, respectively. 4 

(d)–(f) correspond to Harbor 4 with γ = 1.3, 3.3, and 10, respectively.  5 

 6 

To further verify the above-mentioned inference, the six time-series of the free-surface 7 

elevations inside the two harbors shown in Fig. 11 are analyzed by using the MWT technique, and 8 

their wavelet spectra are presented in Fig. 12. For the three cases of Harbor 1 (Fig. 12a–c), it is seen 9 

that at around the frequency of f = 0.50 Hz, there exists the distinct and persistent wave energy from 10 

about t = 10 s to the end of the simulation, which indicates that Mode 1 of Harbor 1 is indeed able 11 

to be excited by the focused transient wave groups. For the three cases of Harbor 4 (Fig. 12d–f), the 12 

similar phenomenon around f = 0.50 Hz can also be clearly seen. In addition, it can be easily found 13 

that at around the frequency of f = 0.083 Hz, there exists persistent wave energy until the end of the 14 

simulation as well. These phenomena indicate that for Harbor 4, not only Mode 4 but also Mode 1 15 

are obviously induced by the focused transient wave group (refer to Fig. 7). As mentioned in 16 

subsection 3.1, the focused transient wave groups adopted in all numerical experiments are 17 

composed of 100 frequency components ranging from 0.3fp to 3.0fp (i.e., from 0.15 Hz to 1.50 Hz). 18 

The resonant frequency of f4,1 = 0.083 Hz is out of the above frequency range. The reason why the 19 

incident focused wave groups can induce Mode 1 of Harbor 4 lies in the nonlinear wave-wave 20 

interaction between the primary wave components composing the incident focused wave groups 21 

(Chen et al., 2006; Gao et al., 2016; Rogers and Mei, 1978). In fact, Mode 1 of Harbor 3 is also 22 

distinctly observed when the harbor is subjected to the focused wave groups with various Af and γ 23 

(not shown here) because of the nonlinear wave-wave interaction.  24 

By adopting the DFT technique to analyze the time series of free-surface elevations at all the 25 

numerical wave gauges from t = 10 s to the end of the simulation, the response amplitudes of various 26 

resonant modes at different positions inside the harbor can be quantitatively calculated. Further, the 27 

resonant modal shape simulated by the numerical model can be obtained by dividing the response 28 

amplitude at each wave gauge to that at G01. Fig. 13 illustrates the comparisons of the modal shapes 29 

calculated by the analytical solution of Mei (1983) and these predicted by the numerical model for 30 
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Mode 1 of Harbor 1, Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4 excited by 1 

the normally-incident focused wave groups with Af = 0.12 m and different values of γ. Ai,j and 2 

(Ai,j)G01 (i=j=1, 2, 3, and 4) in the figure denote the response amplitudes for Mode j of Harbor i at 3 

various positions and at gauge G01, respectively. It is found that for all the twelve cases presented in 4 

this figure, the predicted resonant modal shapes coincide fairly well with the analytical ones. 5 

As mentioned above, different from the four modes shown in Fig. 13 which are directly excited 6 

by the primary wave components composing the focused wave groups, Mode 1 of Harbor 3 and 7 

Mode 1 of Harbor 4 can be triggered via the nonlinear wave-wave interaction between the primary 8 

wave components. Furthermore, Fig. 14 shows the comparisons of the modal shapes calculated by 9 

the analytical solution of Mei (1983) and these predicted by the numerical model for Mode 1 of 10 

Harbor 3 and Mode 1 of Harbor 4. Ai,1 and (Ai,1)G01 (i=3 and 4) refer to the response amplitudes for 11 

Mode 1 of Harbor i at various positions and at gauge G01, respectively. Similar to that shown in Fig. 12 

13, the predicted modal shapes of these two modes also agree well with the analytical ones. It should 13 

be noted here that all these phenomena shown in Figs. 12–14 also can be clearly observed inside the 14 

four harbors when they are subjected to the parallel-incident wave groups. The corresponding results 15 

related to the parallel-incident wave groups are not presented in the article because of space 16 

limitations.  17 
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 1 

Fig. 13. Analytical modal shapes by Mei (1983)’s solution (lines) and the predicted ones by the 2 

numerical model (dots), which are excited by the normally-incident focused wave groups with Af = 3 

0.12 m and different values of γ. (a)–(d) correspond to Mode 1 of Harbor 1, Mode 2 of Harbor 2, 4 

Mode 3 of Harbor 3, and Mode 4 of Harbor 4, respectively. Ai,j and (Ai,j)G01 (i=j=1, 2, 3, and 4) refer 5 

to the response amplitudes for Mode j of Harbor i at various positions and at gauge G01, respectively.  6 

 7 

Fig. 14. As in Fig. 13, but (a) and (b) correspond to Mode 1 of Harbor 3 and Mode 1 of Harbor 4, 8 

respectively. Ai,1 and (Ai,1)G01 (i= 3 and 4) refer to the response amplitudes for Mode 1 of Harbor i 9 

at various positions and at gauge G01, respectively. 10 

 11 
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 1 

Fig. 15. Evolutions of wave profiles along the central lines of Harbors 1–4 from t=11 s to t=29 s 2 

excited by the normally-incident focused wave groups with Af = 0.12 m and γ =3.3. 3 

 4 

To further observe the resonant behavior inside the harbor under the action of focused wave 5 

groups, the evolutions of wave profiles along the central lines of Harbors 1–4 from t=11 s to t=29 s 6 

excited by the normally-incident focused wave groups with Af = 0.12 m and γ =3.3 are presented in 7 

Fig. 15. It is clearly seen that for all the four harbors considered, the wave surfaces inside them 8 

manifest obvious standing wave characteristics. Take Harbors 1 and 4 for example. Inside Harbor 1 9 

(Fig. 15a), there exist an antinode at the backwall and a node near the harbor entrance (i.e., near 10 

x=12.08 m). Inside Harbor 4 (Fig. 15d), there exist four antinodes near x=5.5, 8.0, 10.5, and 13.0 m 11 

and four nodes near x=4.2, 6.5, 9.0, and 11.8 m. These phenomena indicate that the wave surfaces 12 

inside the harbor are dominated mainly by those incident wave components near the spectral peak 13 

frequency, and that the incident wave components far away from the spectral peak frequency only 14 

play a relatively weak modulation role.            15 

Integrating all the information in both the time- and the frequency-domains presented in Figs. 16 

11–15, it can be concluded that harbor oscillations can be directly induced by the incident focused 17 

wave groups when their spectral peak frequency coincides with or approaches one of the resonant 18 

frequencies of the harbor. In addition, when the higher resonant modes are directly excited by the 19 

incident focused wave groups, the lower resonant modes are also highly likely to be triggered at the 20 

same time due to the nonlinear wave energy transfer from the primary wave components to the 21 

lower-frequency components.    22 

Owing to the existence of the fully reflected backwall of the harbor, it can be easily observed 23 
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from Fig. 13 that the maximum response amplitude for each resonant mode inside the harbor always 1 

occurs at the backwall (i.e., at gauge G01). For Mode 1 of Harbor 3 and Mode 1of Harbor 4 shown 2 

in Fig. 14, although there exists slightly position deviation from the backwall for the maximum 3 

response amplitude, the position deviation is always relatively small and the response amplitude at 4 

the backwall is always shown to be extremely close to the maximum one for both modes. Hence, 5 

the response amplitude at gauge G01 will be selected as the measure of the resonant intensity for 6 

each mode in the following sections.  7 

 8 

4.2. Effects of the spectral width parameter  9 

 10 

 11 

Fig. 16. Maximum runups inside the harbor under the incident focused wave groups with various 12 

spectral width parameters γ. (a)–(d) correspond to Harbors 1–4 subjected to normally-incident 13 

focused wave groups, respectively. (e)–(h) correspond to Harbors 1–4 subjected to parallel-incident 14 

focused wave groups, respectively.    15 

Fig. 16 illustrates the comparisons of the maximum runups inside the harbor under the incident 16 

focused wave groups with various spectral width parameters γ. For the normally-incident focused 17 
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wave groups (Fig. 16a–d), it is seen that the maximum runups inside all the four harbors are sensitive 1 

to the value of γ, and the former is shown to increase gradually with the latter. For the parallel-2 

incident focused wave groups (Fig. 16e–h), the identical phenomenon can also be clearly observed. 3 

It can be attributed to different energy spectral structures of the incident focused wave groups with 4 

various values of γ. As shown in Fig. 9, the amplitude spectra of the three incident focused wave 5 

groups with the same focused wave amplitude presents distinct features. For the amplitude spectrum 6 

with γ=1.3 (Fig. 9a), the wave amplitude distribution among the frequency range of 0.3fp and 3.0fp 7 

(i.e., between 0.15 Hz and 1.50 Hz) is relatively uniform, and the normalized wave amplitude, A/Af, 8 

at the spectral peak frequency fp=0.5 Hz is also relatively small. As the value of γ increases, the 9 

wave amplitude distribution among the above frequency range becomes increasingly uneven, and 10 

an increasing amount of wave energy is concentrated around the spectral peak frequency (Fig. 9b 11 

and c). The normalized wave amplitude, A/Af, at the spectral peak frequency increases from 0.10 to 12 

0.27 when the value of γ rises from 1.3 to 10. Meanwhile, considering that Mode 1 of Harbor 1, 13 

Mode 2 of Harbor 2, Mode 3 of Harbor 3 and Mode 4 of Harbor 4 have almost the same linear 14 

amplification factor (Fig. 7), the larger wave amplitude at and around the spectral peak frequency 15 

will inevitably lead to the larger maximum runup inside the harbor. 16 

Fig. 17 shows the comparisons of the response amplitudes at gauge G01 for the four resonant 17 

modes that are directly excited by the primary wave components (i.e., Mode 1 of Harbor 1, Mode 2 18 

of Harbor 2, Mode 3 of Harbor 3 and Mode 4 of Harbor 4) under the incident focused wave groups 19 

with various spectral width parameters γ. Similar to that shown in Fig. 16, at the variation range of 20 

the incident focused wave amplitudes considered, the response amplitudes at gauge G01 for all the 21 

four resonant modes are also shown to increase gradually with the increase of the spectral width 22 

parameters, irrespective of whether the incident focused wave groups propagate into the harbor 23 

perpendicularly to or parallel with the harbor entrance. The reason why the resonant intensity for 24 

these four modes becomes further strengthened with the increasing of γ can also be attributed to the 25 

distinct amplitude spectral features of the incident focused wave groups with various values of γ and 26 

their almost equal linear amplification factors.   27 
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 1 

Fig. 17. Response amplitudes at gauge G01 for certain resonant modes under the incident focused 2 

wave groups with various spectral width parameters γ. (a)–(d) correspond to Mode 1 of Harbor 1, 3 

Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4, excited by normally-incident 4 

focused wave groups, respectively. (e)–(h) correspond to the four modes excited by parallel-incident 5 

focused wave groups, respectively.    6 

 7 

Fig. 18 further presents the comparisons of the response amplitudes at gauge G01 for the two 8 

resonant modes that are triggered via the nonlinear wave-wave interaction between the primary 9 

wave components (i.e., Mode 1 of Harbor 3 and Mode 1 of Harbor 4) under the incident focused 10 

wave groups with various spectral width parameters γ. Different from the phenomenon shown in 11 

Fig. 17, the influences of the spectral width parameter on the resonant intensity for the two modes 12 

generated by the nonlinear wave-wave interaction depend on the specific harbor. For Mode 1 of 13 

Harbor 3, the response amplitudes at gauge G01 is shown to gradually decrease with the increase of 14 

the spectral width parameter, irrespective of the incident wave direction. However, for Mode 1 of 15 

Harbor 4, the resonant intensity inside the harbor does not monotonically vary with the spectral 16 

width parameter anymore. The values of γ = 3.3 and 10 always produces the largest and the smallest 17 
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response amplitudes at gauge G01, respectively.  1 

 2 

 3 

Fig. 18. As in Fig. 17, but (a) and (b) correspond to Mode 1 of Harbor 3 and Mode 1 of Harbor 4, 4 

excited by normally-incident focused wave groups, respectively. (c) and (d) correspond to the two 5 

modes excited by parallel-incident focused wave groups, respectively.  6 

 7 

4.3. Effects of the incident wave direction 8 

Fig. 19 shows the comparisons of the maximum runups inside Harbors 1–4 subjected to 9 

focused transient wave groups with different incident directions. It is observed that for all four 10 

harbors, the maximum runups excited by the normally-incident focused wave groups are always 11 

significantly larger than those induced by the corresponding parallel-incident focused wave groups, 12 

irrespective of the spectral width parameter. This is mainly because when the normally-incident 13 

focused wave groups are fully reflected at the backwall of the harbor, and the wave amplitude at 14 

gauge G01 will be amplified by roughly twice under this case. However, under the parallel-incident 15 

wave conditions, the incident wave direction is parallel with the backwall of the harbor. The 16 

magnification effect caused by the fully reflection of the backwall no longer exists. To further 17 

validate these explanations, the ratios of the maximum runup excited by the normally-incident 18 

waves and the corresponding one triggered by the parallel-incident waves for all four harbors and 19 

all three spectral width parameters are calculated, and it can be found that the ratio of the maximum 20 

runup for all these cases varies between 1.8 and 2.7 (i.e., the ratio always fluctuates around 2.0), 21 

which fully proves the above explanations. 22 
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 1 

Fig. 19. Comparisons of the maximum runups inside the harbor under the normally- and parallel-2 

incident focused wave groups. (a)–(d) correspond to Harbors 1–4, respectively. 3 

 4 

 5 

Fig. 20. Comparisons of the response amplitudes at gauge G01 for certain resonant modes under the 6 

normally- and parallel-incident focused wave groups. (a)–(d) correspond to Mode 1 of Harbor 1, 7 

Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4, respectively. 8 

 9 

Fig. 20 illustrates the comparisons of the response amplitudes at gauge G01 for Mode 1 of 10 

Harbor 1, Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4 under the focused 11 

wave groups with different incident directions. Similar to that shown in Fig. 19, the resonant 12 

intensity excited by the normally-incident focused wave groups are always significantly larger than 13 

those induced by the corresponding parallel-incident focused wave groups. By further calculating 14 

the ratios of the response amplitudes at gauge G01 excited by the normally-incident waves and the 15 

corresponding one triggered by the parallel-incident waves for all four harbors and all three spectral 16 
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width parameters, it is observed that the ratio of the response amplitude for all these cases varies 1 

from 1.7 to 2.2. This indicates that the difference of the response amplitudes shown in this figure 2 

can also be ascribed to the reason described in the above paragraph. 3 

Fig. 21 further presents the comparisons of the response amplitudes at gauge G01 for Mode 1 4 

of Harbor 3 and Mode 1 of Harbor 4 under the focused wave groups with different incident 5 

directions. Phenomenon similar to that shown in Fig. 20 is also clearly observed, and the ratio of 6 

the response amplitude under the normally- and parallel-incident wave conditions for these two 7 

resonant modes varies between 1.4 and 3.6.  8 

 9 

 10 

Fig. 21. As in Fig. 20, but (a) and (b) correspond to Mode 1 of Harbor 3 and Mode 1 of Harbor 4, 11 

respectively. 12 

 13 

4.4. Effects of different resonant modes 14 

Fig. 22 shows the comparisons of the maximum runups inside Harbors 1–4. There are two 15 

obvious phenomena that can be observed from this figure. First, the maximum runup inside the 16 

harbor gradually decreases from Harbor 1 to Harbor 4, irrespective of the value of γ and incident 17 

wave direction, except that under the condition of the normally-incident wave groups with γ=1.3 18 

and larger focused wave amplitudes (Fig. 22a), the maximum runup inside Harbor 4 is slightly larger 19 

than that inside Harbor 3. Second, the maximum runups inside Harbor 1 are shown to be 20 

significantly larger than those inside the other three harbors. Compared to the difference of the 21 

maximum runups between Harbor 1 and Harbors 2–4, the difference between the maximum runups 22 

among Harbors 2–4 is obviously smaller, and the smaller the value of γ is, the more pronounced this 23 

phenomenon becomes.  24 
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 1 

Fig. 22. Comparisons of the maximum runups inside Harbors 1-4. (a)–(c) and (d)–(f) correspond to 2 

the normally- and parallel-incident focused wave groups, respectively.      3 

 4 

 5 

Fig. 23. Comparisons of the response amplitudes at gauge G01 between Mode 1 of Harbor 1, Mode 6 

2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4. (a)–(c) and (d)–(f) correspond to the 7 

normally- and parallel-incident focused wave groups, respectively.  8 
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    Fig. 23 shows the comparisons of the response amplitudes at gauge G01 between Mode 1 of 1 

Harbor 1, Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4. It is observed that for 2 

these four modes that are directly triggered by the primary wave components, the effects of different 3 

modes on the resonant intensity inside the harbor depend closely on the incident wave direction. 4 

Under the normally-incident wave conditions (Fig. 23a–c), Mode 1 of Harbor 1 always has the 5 

smallest resonant intensity among the four resonant modes, irrespective of the spectral width 6 

parameter. However, the largest resonant intensity among the four resonant modes depends on the 7 

incident focused wave amplitude. When the incident focused wave amplitude is small, the largest 8 

resonant intensity tends to occur in Mode 3 of Harbor 3. As the former increases, the latter tends to 9 

occur in Mode 4 of Harbor 4. Under parallel-incident wave conditions (Fig. 23d–f), the smallest and 10 

largest resonant intensities always occur in Mode 4 of Harbor 4 and Mode 2 of Harbor 2, respectively.  11 

 12 

 13 

Fig. 24. Comparisons of the response amplitudes at gauge G01 between Mode 1 of Harbor 3 and 14 

Mode 1 of Harbor 4. (a)–(c) and (d)–(f) correspond to the normally- and parallel-incident focused 15 

wave groups, respectively.. 16 

 17 

Fig. 24 further presents the comparisons of the response amplitudes at gauge G01 between 18 

Mode 1 of Harbor 3 and Mode 1 of Harbor 4. It can be clearly seen that the resonant intensity for 19 
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Mode 1 of Harbor 4 is always larger than the corresponding one for Mode 1 of Harbor 3, irrespective 1 

of the spectral width parameter and incident wave direction. This is probably because the linear 2 

amplification factor of Mode 1 of Harbor 4 is obviously larger than that of Mode 1 of Harbor 3 3 

(refer to Fig. 7).  4 

 5 

5. Conclusions  6 

In this study, the interactions between four elongated rectangular harbors (Harbors 1–4) and 7 

focused transient wave groups are investigated by using the fully nonlinear Boussinesq model, 8 

FUNWAVE 2.0, for the first time. The focused transient wave groups with various focused wave 9 

amplitudes, spectral width parameters, and incident directions are considered, and all of them have 10 

the identical spectral peak frequency of fp=0.50 Hz, which is equal to the resonant frequency of 11 

Mode 1 of Harbor 1, Mode 2 of Harbor 2, Mode 3 of Harbor 3, and Mode 4 of Harbor 4. Based on 12 

the linear wave theory and the iterative approach for correcting both the focused wave amplitude 13 

and focused phase, the desired focused wave groups are accurately generated by the numerical 14 

model. Further, both the time- and frequency-domain information of the wave surfaces inside the 15 

harbor is analyzed using the MWT and DFT techniques. The capability of the focused transient 16 

wave groups to trigger harbor resonance is revealed first; the effects of the spectral width parameter, 17 

incident wave direction, and resonant mode on maximum runup and response intensity inside the 18 

harbor are comprehensively investigated subsequently. The results of this study will expand the 19 

knowledge of the harbor oscillations induced by extreme wave conditions.   20 

The following conclusions can be drawn from the results of this study:  21 

1. By checking the wavelet spectra of the wave surfaces and comparing the analytical and 22 

numerical-predicted modal structures inside the harbor, it is found for the first time that the 23 

focused wave groups can directly excite harbor resonance when their spectral peak frequency 24 

equals or approaches one of the resonant frequencies of the harbor. In addition, when the higher 25 

resonant modes are directly excited by the incident focused wave groups, the lower resonant 26 

modes are also highly likely to be triggered at the same time because of the nonlinear wave-27 

wave interaction that can transfer the wave energy from the primary wave components to the 28 

lower-frequency components.  29 

2. Both maximum runup and resonant intensity inside the harbor are significantly affected by the 30 
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spectral width parameters. Both the maximum runups inside all the four harbors and the 1 

resonant intensities for the resonant modes directly excited by the primary wave components 2 

(i.e., Mode 1 of Harbor 1, Mode 2 of Harbor 2, Mode 3 of Harbor 3 and Mode 4 of Harbor 4) 3 

are observed to increase gradually with the increase of the spectral width parameter. However, 4 

for the resonant intensities for the modes induced by nonlinear wave-wave interaction (i.e., 5 

Mode 1 of Harbor 3 and Mode 1 of Harbor 4), the influences of the spectral width parameter on 6 

their resonant intensities depend on the specific harbor.  7 

3. Incident wave direction has also dramatic effects on maximum runup and resonant intensity 8 

inside the harbor. For all the four harbors, both the maximum runup and the resonant intensity 9 

excited by the normally-incident focused wave groups are shown to be significantly larger than 10 

those induced by the corresponding parallel-incident focused wave groups, irrespective of the 11 

spectral width parameter and whether the resonant modes are triggered directly by the primary 12 

wave components or by the nonlinear wave-wave interaction. 13 

4. Maximum runup and resonant intensity inside the harbor are also sensitive to the resonant 14 

modes. The maximum runup inside the harbor is observed to decrease gradually from Harbor 1 15 

to Harbor 4 overall, irrespective of the value of γ and incident wave direction. For the four 16 

modes that are directly triggered by the primary wave components, the effects of different 17 

modes on the resonant intensity inside the harbor depend closely on the incident wave direction. 18 

For the two resonant modes induced by nonlinear wave-wave interaction, the resonant intensity 19 

for Mode 1 of Harbor 4 is always larger than the corresponding one for Mode 1 of Harbor 3, 20 

irrespective of the spectral width parameter and incident wave direction. 21 

Finally, we reaffirm that these conclusions are only valid for the given harbors with constant 22 

depth, the given resonant modes, and the variation ranges of the incident focused wave amplitude, 23 

spectral width parameter, and incident wave direction considered in this study. 24 
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