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Abstract

This study investigates the extreme wave event that caused damage to the main breakwater
at Chancay Port, Peru, on 24 August 2025 (the 824 event), through high-resolution nested
numerical wave simulations. The research reveals the underlying mechanisms and causa-
tion of the damage. Results indicate that the extreme waves originated from a powerful
storm in the Southern Pacific’s Roaring Forties around 20 August. The storm generated
long-period swell that propagated to Chancay Port, resulting in significant wave heights of
4.2–4.4 m offshore, exceeding the 475-year return period design standard and ranking as
the most severe wave event in the past 30 years. Localized modeling further demonstrates
that the swells induced nonlinear transformations in front of the breakwater, with wave
heights reaching up to 7 m along the structure and generating complex standing waves
near the bend. Comprehensive analysis concludes that the damage was caused by the
combined effects of this rare extreme remote swell and localized hydrodynamic interactions
with the breakwater.

Keywords: breakwater; swell; numerical simulation; Boussinesq equations

1. Introduction
Chancay Port is located in the Lima Region of Peru, within the Chancay Bay along

the Pacific coast of South America. As a pivotal hub port in Peru and Latin America as
well as a gateway port to the Pacific Ocean, its geographical location and satellite map are
shown in Figure 1. The sea area where Chancay Port is situated is frequently subjected
to the impact of intense swells generated by the Southern Hemisphere westerlies, and is
also affected by northwestward swells during the Northern Hemisphere winter [1,2]. A
large-wave event occurred on 24 August 2025 (hereinafter referred to as the 824 Large-
Wave Event). Under the influence of this event, the main breakwater of Chancay Port
sustained a certain degree of damage, with dolosse in some local areas becoming detached,
as illustrated in Figure 2. Understanding and reproducing such damage-inducing events
requires linking offshore swell forcing, nearshore (harbor) transformations, and localized
wave–structure interactions.

Extreme and long-period wave processes relevant to port safety are usually studied
from three linked perspectives: (i) offshore swell climate and long-distance propagation,
(ii) harbor response (including low-frequency motions and resonance), and (iii) near-
structure nonlinear transformation and wave–structure loading. This multi-perspective
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approach is essential for diagnosing the specific mechanisms of swell-driven breakwater
damage observed at Chancay Port.

Figure 1. Geographical Location and Engineering Status of Chancay Port.

 

Figure 2. Current Condition of the Main Breakwater at Chancay Port (Photographed on 27 August
2025, depicting the turning point of the main breakwater indicated by the white arrow in Figure 1b).

Regarding offshore forcing, swell generation and propagation can be interpreted through
synoptic meteorological patterns and remote-source connections. Studies in the Indian Ocean
have quantified swell propagation routes and related meteorological drivers for high-swell
events, which supports a physics-based understanding of long-travel swell arrival timing and
persistence [3]. In operational and hindcast applications, third-generation spectral models (e.g.,
WAVEWATCH III, WW3) are widely adopted to reproduce regional wave fields, including
swell-dominated conditions. Such spectral-model-based reconstructions are commonly used
as offshore boundary conditions for nearshore high-resolution models [4,5]. For example,
WW3 has also been assessed for coastal infragravity (IG) waves (and their spectra) and for
long-term IG energy estimation over broad regions, although limitations remain nearshore
or inside harbors where local mechanisms and complex boundaries become important [6,7].
Whereas spectral models (e.g., WW3) provide robust global-to-regional swell reconstruction,
they cannot resolve phase-dependent reflection/diffraction and standing-wave patterns near
breakwaters. Conversely, phase-resolving nonlinear models can diagnose these local processes
but require realistic offshore forcing as input.

In partially enclosed harbors, the hydrodynamic response is governed by eigen charac-
teristics, such as natural periods and modal structures. When incoming long waves excite
these resonant modes, the resulting harbor oscillations can produce strong currents and ship
motions, even if sea-level oscillations remain modest [8,9]. Recent studies at real ports have
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demonstrated that low-frequency oscillations within harbors are often dominated by eigen
oscillations rather than directly mirroring offshore short-wave frequencies. An extended
mild-slope model has been used to identify natural modes and interpret observations [10].
Alongside modal interpretation, hybrid approaches have been proposed to rapidly estimate
wave height inside harbors from offshore parameters, including combining fully nonlinear
Boussinesq simulations with machine learning (ANN) or interpolation technique to reduce
the computational burden for repeated applications [6,11,12]. Nonlinear behavior in harbor
resonance has also received attention: numerical studies using fully nonlinear Boussinesq
models have revealed case-dependent nonlinear stiffness and hysteresis in harbor oscilla-
tions, highlighting that resonance characteristics can shift with response amplitude and
history, which is relevant when ports are impacted by energetic swell conditions [13].

Near breakwaters and other complex coastal structures, nonlinear wave transforma-
tions, including shoaling, refraction–diffraction, reflection, and standing-wave formation,
become critical for diagnosing local extremes that may trigger structural damage. Although
many existing studies emphasize harbor resonance properties [10,13,14], fewer works ex-
plicitly resolve the cross-scale chain from basin-scale swell reconstruction to high-resolution
near-structure free-surface evolution associated with standing waves and local amplifi-
cation at breakwater turning sections. Meanwhile, the potential structural consequences
of extreme wave conditions are well recognized in coastal engineering: large-scale ex-
periments and analyses have documented violent breaking-wave impacts and associated
impulsive loads on vertical and sloping walls, with strong variability in peak pressure
but more robust scaling for impulse and momentum flux [15], and subsequent works
have provided practical formulations for quasi-static and impact loads on breakwaters
and their overturning moments [16]. Recent research on armor-layer stability indicates
that swell waves can cause delayed yet widespread displacements due to diffraction and
complex hydrodynamics, particularly at roundhead sectors [17]. These findings underscore
that localized wave-field amplification near complex breakwater geometry can be a key
precursor to damage, which motivates resolving standing-wave patterns near the turning
section in this study.

While previous studies have examined extreme wave events at various ports, many
have focused primarily on either the generation of long-period swells or their effects on
nearshore wave heights, often without fully addressing the nonlinear wave transformations
occurring near breakwater structures.

The motivation of this work is to provide a reproducible numerical reconstruction
and near-breakwater diagnostic basis for interpreting rare remote-swell damage events at
Chancay Port and for informing risk assessment in similar swell-exposed ports. Therefore,
this study provides a detailed cross-scale analysis of the 824 Large-Wave Event. It should
be noted that the work focuses on simulating the extreme wave field and its spatial am-
plification near the breakwater. Quantitative structural response or armor-unit stability
analysis is beyond the scope of this paper. The primary objective is to reconstruct the
event’s hydrodynamic conditions and characterize the near-breakwater wave field, with
particular emphasis on standing-wave patterns at the breakwater turning section that may
help explain the observed spatial concentration of damage. These results provide the
engineering-relevant information intended to achieve the above motivation.

The structure of this article is as follows: Section 2 introduces the regional wave
reconstruction using WW3. As a third-generation spectral model, WW3 is utilized here to
simulate wave generation and propagation by solving the wave energy spectrum balance
equation, allowing for an evaluation of the event’s historical rarity. Section 3 establishes
global and local port models using MIKE21-BW. Based on the Boussinesq equations, this
stage focuses on the nonlinear transformation and distribution of wave parameters (e.g.,
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significant wave height and free surface elevation) near the structure. Finally, Section 4
analyzes the causes of damage to the main breakwater based on the simulation results.

2. Nearshore Wave Simulation
2.1. Spectral Wave Model Setup

The wave energy at Chancay Port originates from the entire Pacific Ocean; therefore, it
is difficult to accurately reflect its actual wave characteristics by only modeling the local
sea area. To obtain reliable wave process data in the engineering water area, it is necessary
to adopt a high-resolution numerical model that can effectively simulate the entire process
of wave propagation from the deep sea to the nearshore. Although the ERA5 reanalysis
data from the European Centre for Medium-Range Weather Forecasts (ECMWF) [18] can
provide global wave parameters, its spatial resolution is 0.25◦, which makes it unable to
accurately depict key physical processes such as wave shoaling and refraction caused by
topography in the nearshore region. Considering that the 824 Large-Wave Event was not
caused by storms in the vicinity of Chancay Bay, previous analyses have shown that the
waves in the sea area of Chancay Bay, Peru, are mainly swells generated by the westerlies
in the high-latitude regions of the South Pacific and propagated over long distances [2,19].

This study adopts the WAVEWATCH III (WW3) wave spectral model developed by the
National Oceanic and Atmospheric Administration (NOAA) of the United States [20]. As
one of the most widely used third-generation spectral wave models worldwide at present,
WW3 is designed for the numerical simulation and forecasting of ocean wave evolution
processes. Based on the wave energy spectrum theory, it describes surface waves as a
two-dimensional energy spectrum distribution over frequency and direction, enabling it to
comprehensively reflect the mechanisms of wave generation, propagation, and dissipation.
Developed and maintained by the Environmental Modeling Center (EMC) of NOAA, the
model has undergone continuous iterations since the 1990s and now evolved into a flexible
and scalable open-source system. The core equation of WW3 is the wave energy spectrum
balance equation, which mainly accounts for three categories of physical processes: wind
energy input, nonlinear three-wave or four-wave interactions, and dissipation mechanisms
such as wave breaking and bottom friction [21,22]. With these physical parameterization
schemes, the model can realistically simulate wind waves, swells, and their mutual inter-
actions. In terms of spatial computation, WW3 employs the finite difference method and
supports both global and regional grids. It is compatible with regular latitude–longitude
grids, as well as curvilinear coordinates or unstructured triangular grids, thus adapting
to complex coastlines and shallow-water topographies. WW3 is widely used by NOAA
and other international institutions for global and regional ocean wave forecasting, climate
research, storm surge and typhoon process analysis, as well as offshore engineering design
and safety assurance [23,24].

WW3 is a third-generation spectral wave model that solves the wave action balance
equation. In the presence of ambient currents, the action density (rather than energy) is con-
served, and WW3 therefore uses the action density spectrum N as the prognostic variable:

N(k, θ) ≡ F(k, θ)

σ
(1)

The governing equation is written as the conservation of N with parameterized
source/sink terms S:

DN
Dt

= S/σ (2)

The source term S parameterizes wave growth, nonlinear transfers, and dissipation.
In deep water, it is commonly decomposed as
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S = Sin + Snl + Sds (3)

representing wind input (Sin ), nonlinear wave–wave interactions (Snl), and dissipation
(Sds). In nearshore applications, additional source terms may be included (e.g., bottom
friction, depth-induced breaking, triad interactions, and scattering), giving

S = Sin + Snl + Sds + Sbot + Sdb + Str + Ssc (4)

The numerical wave model established for the offshore area of Chancay Port adopts
a three-level nested grid system (D1–D3), and the scope of the computational domain
is shown in Figure 3. Among them, the D1 model is a Pacific-wide model with a grid
resolution of 0.5◦. The D2 model is a regional model covering the Peruvian sea area, with
the grid resolution increased to 0.1◦. Bathymetry data are sourced from the ETOPO1 dataset,
developed by the National Oceanic and Atmospheric Administration (NOAA), with a 1 arc-
minute resolution. Shoreline data are extracted from the Global Self-consistent, Hierarchical,
High-resolution Shoreline (GSHHS) database. Wave propagation in the structured grids is
modeled using the third-order Ultimate QUICKEST scheme.

 
Figure 3. Computational Domains of the Multi-Nested Model: (a) Pacific Ocean Model, (b) Peruvian
Sea Area Model, (c) Chancay Bay Nearshore Model.

The D3 model is a nearshore model for Chancay Bay, constructed using unstructured
grids with a resolution of the order of 100 m, so as to accurately simulate the nearshore
wave processes. Shoreline data are retrieved from Google Maps (2024) and bathymetry
from the ETOPO1 dataset. Wave propagation in the un-structured grids is modeled using
the explicit CRD-N scheme.

The model is driven by wind fields from the ERA5 reanalysis [18], on a regular latitude–
longitude grid at 0.25◦ resolution. The wave spectrum is discretized into 32 frequencies,
exponentially ranging from 0.0373 Hz to 0.7159 Hz with 1.1 geometric progression. Model
D1 uses 24 wave directions, while models D2 and D3 employ 36 directions, respectively.
The numerical time step follows the Courant Friedrichs Levy (CFL) stability criterion. The
computation is sped up by the parallelization method of OpenMP.

The model implementation used in this study employed explicit parameterizations
for the main source and sink processes in the spectral balance. Wind input and white-
capping dissipation were treated with a combined wind-input/whitecapping scheme
(switch: ST4) [21]. Nonlinear quadruplet interactions were represented using the standard
discrete interaction approximation (switch: NL1) [22], while triad (three-wave) interactions
appropriate for shallow-water energy transfer were enabled (switch: TR1) [25]. Bottom
friction was included via a depth-dependent friction formulation (switch: BT1) [26], and
depth-induced breaking was parameterized with a breaking formulation suitable for coastal
applications (switch: DB1) [27]. Unless otherwise stated, WAVEWATCH III is run using
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the standard, recommended default parameter settings, and no tuning or calibration of
source-term coefficients (including whitecapping) is performed in this study.

2.2. Spectral Wave Model Validation

To ensure the high-resolution nested model can accurately capture wave transforma-
tion in the complex nearshore topography of Chancay Port, a comprehensive validation is
performed using both global reanalysis data and in situ observations. Wave parameters
from the ERA5 reanalysis archive (provided by ECMWF), with a spatial resolution of 0.25◦,
are linearly interpolated to the specific coordinates of the study area to serve as a baseline
for the validation. This step is essential for evaluating the necessity of nested modeling and
for assessing how local parameterization schemes improve upon global datasets.

To assess the impact of local wave conditions on the construction and operation
of the Chancay Port project, an in situ wave observation campaign was conducted in
the port waters from 24 May 2024 to 18 January 2025. The deployment included three
observation stations, as illustrated in Figure 4. Station 1 was positioned to collect offshore
wave parameters, while Stations 2 and 3 were designated for acquiring data within the
port area. These measured datasets provide the ground truth for verifying the model’s
applicability in this specific study area.

 
Figure 4. Schematic Diagram of Wave Observation Stations Locations Inside and Outside the Port
in 2024.

Figure 5 presents the comparison among in situ measurements, ERA5 reanalysis
data, and the nested WW3 simulation results at Station 1. While both ERA5 and WW3
capture the overall seasonal trends, the nested WW3 model shows significantly higher
fidelity to the measured data. Quantitatively, the WW3 simulation demonstrates superior
performance, particularly in correcting the biases found in the ERA5 source regarding
wave height and direction. The high consistency between the simulation and observations
confirms that the nested grid effectively accounts for local bathymetric effects and shallow-
water transformations.

Overall, the validation results demonstrate that the established WW3 model and its
parameterization schemes can reliably reproduce the wave climate characteristics adjacent
to Chancay Port. This provides a credible foundation for the subsequent analysis of the 824
Large-Wave Event, for which direct in situ measurements were unavailable.

2.3. Simulation Results of Nearshore Waves During the 824 Event

Using the fully validated WW3 wave numerical model, large-scale wave numerical
simulations were carried out, yielding the temporal evolution of wave parameters in the
sea area of Chancay Port from 20 to 28 August. To ensure the research is aligned with
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the project’s engineering standards, we selected the same output stations as those defined
in the PRDW Wave Report [28], a pre-construction wave climate study commissioned by
the port developer and conducted by PRDW (an international engineering consultancy).
Figure 6 illustrates the bathymetry of the port area and the layout of the output stations
in PRDW Wave Report [28]. It can be observed that stations Pto3 to Pto7 are strategically
positioned in the vicinity of the main breakwater. Specifically, Pto3 and Pto4 are located in
the relatively deeper waters seaward of the structure. This article focuses on the analysis of
Stations Pto3 to Pto7, which are distributed around the main breakwater.

1

2

3 (a) Significant wave height
 Measured   WW3   ERA5

WW3: R= 0.85 RMSE= 0.21m BIAS= 0.17m
ERA5: R= 0.75 RMSE= 0.33m BIAS= 0.24m

WW3: R= 0.68 RMSE= 2.21s BIAS= -0.52s
ERA5: R= 0.68 RMSE= 2.16s BIAS= -0.44s

WW3: R= 0.80 RMSE= 0.86s BIAS= -0.40s
ERA5: R= 0.75 RMSE= 1.81s BIAS= -1.60s

WW3: R= 0.86 RMSE_circ= 0.25 BIAS_circ= -11°
ERA5: R= 0.83 RMSE_circ= 0.28 BIAS_circ= -23°
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Figure 5. Comparison of wave parameters among in situ measurements, WW3 simulations, and
ERA5 reanalysis at Observation Station 1 (24 May 2024–20 January 2025).

 
Figure 6. Schematic Diagram of Offshore Output Point Locations from the PRDW Wave Report. Anal-
ysis in This Article Focuses on Measurement Stations Pto3 to Pto7 Surrounding the Main Breakwater.

It should be noted that the wave spectral model (WW3) adopted in this simulation has
an extensive computational domain. Even the nearshore model with the highest resolution
(D3) cannot reasonably simulate the complex effects of wave reflection, diffraction, and
breaking induced by the constructed breakwater. Therefore, the results obtained from
the current simulation only represent the pure incident wave conditions. This setup is
also intended to maintain a consistent comparison baseline with the results of the PRDW
Report, which similarly did not take the breakwater effects into account when calculating
the multi-year return period wave heights based on the MIKE21-SW model. The impacts of
the breakwater on the wave field will be specifically considered in subsequent numerical
simulations based on the Boussinesq model.
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The time history curve of significant wave height at Station Pto4 from 20 to 28 August
is illustrated in Figure 7. It can be seen that the wave height remained relatively stable
between 2.0 and 2.5 m before 23 August. However, during the period from 23 to 25 August
(the highlighted area in the figure), the wave height increased rapidly and reached the peak
value at 9:00 a.m. on 24 August. The mean wave direction indicates that this large-wave
event was a severe swell propagating from the westerlies in the South Pacific. The wave
heights at each station corresponding to the 824 Large-Wave Event and their comparison
with the multi-year return period wave heights in the PRDW Report are presented in
Table 1. At Stations Pto3 to Pto7, the wave heights of the 824 event all exceeded the
standard of the 475-year return period, which demonstrates that this was an extremely rare
and unprecedentedly severe catastrophic event.

Figure 7. Time Series of WW3-Simulated Wave Parameters at Measurement Station Pto4.

Table 1. Comparison of 824 Wave Heights with PRDW Return Period Wave Heights.

Station
24 August

Simulated Wave
Height (m)

Comparison with the Best-Estimated Values Evaluation

Pto3 4.2 Wave height far exceeding the 475-year
return period level (3.9 m)

far exceeding the 475-year return period
safety standard

Pto4 4.2 Wave height far exceeding the 475-year
return period level (3.9 m)

far exceeding the 475-year return period
safety standard

Pto5 4.3 Wave height far exceeding the 475-year
return period level (4.0 m)

far exceeding the 475-year return period
safety standard

Pto6 4.4 Wave height far exceeding the 475-year
return period level (4.1 m)

far exceeding the 475-year return period
safety standard

Pto7 4.4 Wave height exceeding the 475-year return
period level (4.3 m)

exceeding the 475-year return period
safety standard

2.4. Source Analysis of the 824 Large-Wave Event

A source-tracking analysis is conducted on the 824 Large-Wave Event to clarify the
physical processes of its generation and propagation. This not only helps us understand
the patterns of such extreme events, but also provides a scientific basis for ports to respond
to similar severe swells propagated over long distances. Figure 8 illustrates the generation
and propagation process of the 824 Large-Wave Event to Chancay as simulated by the
WW3 model. The event originated from an intense storm that occurred in the roaring
forties of the South Pacific around 20 August. The significant wave height in the storm
core region exceeded 10 m, and the wind field featured a broad spatial scale and long
duration, providing sufficient energy conditions for the generation of long-period waves.
As the storm system gradually moved eastward, the high-energy waves generated thereby
transformed into swells propagating northward after leaving the wind field, and traveled
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freely for thousands of kilometers across the South Pacific. The WW3 simulation results
show that this energy-concentrated swell continued to spread over the eastern Pacific
Ocean south of the equator from 21 to 23 August, and reached the coast of Chancay, Peru
on the morning of 24 August, with the significant wave height ranging from 4 to 5 m.

 

Figure 8. Schematic Diagram of the Generation and Propagation of the 824 Large Wave to Chancay.

It should be pointed out that intense storm activities occur in the roaring forties almost
all year round, but not all storms can generate severe swells capable of reaching Peru. The
occurrence of this event relied on the perfect matching of the storm’s location, movement
path, wind field persistence and wave propagation route. According to the simulation
results, although intense storms still occurred in the westerlies after 24 August, their wave
energy failed to effectively form severe swells propagating toward Peru. This indicates
that only when the storm center is in an appropriate location and the wind direction is
properly oriented can long-distance severe swell events that exert significant impacts on
the coast of Peru take shape. This “screening” mechanism means that although such events
are triggered by the year-round active westerlies, the extreme swell events that can reach
Peru are inherently low-probability and accidental in nature.

2.5. Analysis of Wave Height Trends in Chancay Bay over the Past 30 Years Based on ERA5 Data

In order to reconstruct the decadal wave environment at Chancay, we extracted
30 years of significant wave height data for the Peruvian waters from the ERA5 reanalysis
archive. These data were subsequently linearly interpolated to the specific coordinates of
the offshore measurement station (Pto4). The interpolated results of ERA5 are compared in
Figure 7, and the results show that ERA5 can well reflect the variation trend of significant
wave height, but its prediction accuracy for spectral peak period and mean wave direction
is significantly lower than that of the WW3 model. Particularly in terms of wave direction,
the simulation of ERA5 has a large deviation, characterized by a systematic southward bias
(with the maximum difference from WW3 reaching 30◦). This error is mainly attributed
to the relatively low spatial resolution of ERA5, which makes it difficult to accurately
depict the wave refraction process in the nearshore region. Considering that the wave
response inside the port is extremely sensitive to wave direction—the more westerly the
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wave direction, the poorer the sheltering effect of the breakwater—the above-mentioned
deviation further highlights the necessity of using the WW3 model to finely simulate the
wave climate in the engineering sea area.

Despite its deficiencies in simulating wave direction and wave period in the sea area
of Chancay, ERA5 still maintains high accuracy in significant wave height simulations and
can thus be applied to rapid and reliable long-term trend analysis. Figure 9 presents the
nearly 30-year time series of significant wave height offshore of Chancay Port derived from
ERA5 data, spanning from 1996 to the end of August 2025. It can be seen that the significant
wave height of the 824 Large-Wave Event reached the maximum value in the past 30 years,
indicating that this large-wave event was an extreme wave event.

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
0

2

4

(b) Significant wave height during 2006 to 2015

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
0

2
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m
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m
)
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Figure 9. Time Series of Significant Wave Height at Offshore Measurement Station Pto4 of Chancay
Port over the Past 30 Years.

3. Wave Simulation in the Breakwater Area
3.1. Port Model Setup
3.1.1. Model Description

The MIKE21-BW model developed by the Danish Hydraulic Institute (DHI) was
adopted to simulate wave propagation at the harbor scale. MIKE21-BW is a nearshore
wave numerical model based on the Boussinesq equations, which was developed by the
Danish Hydraulic Institute (DHI) [29]. It is specifically designed to simulate the nonlinear
propagation, transformation, and breaking processes of waves under shallow water and
complex topographic conditions.

In the MIKE 21 BW model, two formulations are available: the classical Boussinesq
equations and the improved Boussinesq equations. The classical form is applicable when
the relative water depth satisfies hmax/L0 < 0.22, where hmax is the maximum water depth
and L0 is the deep-water wavelength. The improved Boussinesq formulation incorporates
additional deep-water correction terms, extending the applicability to hmax/L0 ≤ 0.5. Owing
to the improved dispersion relation, it can also simulate the propagation of irregular waves
in relatively deeper water or shorter-period wave conditions. Therefore, the improved
Boussinesq equations are adopted in this study.

The continuity equation is

n
∂ξ

∂t
+

∂P
∂x

+
∂Q
∂y

= 0 (5)
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The momentum equation in the x-direction is

n ∂P
∂t + ∂

∂x

(
P2

h

)
+ ∂

∂y

(
PQ
h

)
+ ∂Rxx

∂x +
∂Rxy

∂x + Fxn2gh ∂ξ
∂x

+n2P
[

α + β

√
P2+Q2

h

]
+

gP
√

P2+Q2

h2C2 + nψ1 = 0
(6)

The momentum equation in the y-direction is

n ∂Q
∂t + ∂

∂y

(
Q2

h

)
+ ∂

∂x

(
PQ
h

)
+ ∂Rxx

∂x +
∂Rxy

∂x + Fyn2gh ∂ξ
∂y

+n2Q
[

α + β

√
P2+Q2

h

]
+

gP
√

P2+Q2

h2C2 + nψ2 = 0
(7)

where ξ is the free surface elevation; P and Q are the depth-integrated velocity components;
ψ1 and ψ2 are Boussinesq dispersive terms; h is the still-water depth; n is the porosity; C is
the Chezy coefficient.

3.1.2. Global Wave Model for Chancay Port

The computational domain of the global wave model for Chancay Port covers the entire
breakwater, waterway and basin, so as to fully simulate the propagation of nearshore waves
into the port area. In addition, to facilitate the definition of wave directions from different
orientations in the model, the coastal topography was rotated clockwise by 45◦, meaning
that the incident wave direction was set as the direction rotated clockwise from the true
north. The water depth distribution, wave generation line and observation station locations
of the port layout in the model are shown in Figure 10. The size of the computational
domain is 4.0 km × 4.25 km with a grid resolution of 5 m, and the simulation duration is
7200 s. The wave parameters of Station Pto4 given in Table 1 (significant wave height: 4.0 m,
spectral peak period: 18 s, wave direction: 223◦) were adopted as the input conditions for
the global wave model.

Figure 10. Water Depth Distribution of the MIKE21-BW Model for Chancay Port.
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In consideration of computational stability, a 50-layer sponge layer was set up at the
offshore boundary and the adjacent coastline of the port (as shown in the right panel of
Figure 11) to ensure that the reflected waves propagating offshore and the incident waves
propagating toward the adjacent coastline were fully absorbed. The installation of the
sponge layer along the coastline can improve the computational stability of the model
without interfering with the wave evolution in the vicinity of the main breakwater. In
practical scenarios, the boundaries of the breakwater and the elevated pile wharf will cause
partial reflection of waves. In the numerical model, an 8-layer porous layer was configured
at the boundaries of the breakwater and the wharf (as shown in the left panel of Figure 11)
to simulate such partial reflection effects.

Figure 11. Schematic Diagram of Porous Layer (Left) and Sponge Layer (Right) in the Port-Arranged
BW Model.

3.1.3. Local Wave Model for Chancay Port

The global wave model of Chancay Port involves a relatively rough representation of
the breakwater and fails to capture the detailed cross-section of the breakwater. Although
the consideration of partial wave reflection from the breakwater by means of the porous
layer allows for a reasonable reproduction of the wave height in front of the breakwater,
it cannot reflect the strong nonlinear deformation and wave height distribution along the
breakwater body. Therefore, a local wave model was established specifically for the main
breakwater area to account for the strong nonlinear wave deformation, wave overtopping
and other physical processes occurring both in front of and along the breakwater. The
topographic layout is shown in Figure 12, where negative values represent areas exposed
above the still water level. The shoreward component of the wave spectrum at the location
300 m in front of the main breakwater derived from the global wave model was used as the
input for the local model. The computational domain covers an area of 1.65 km × 2.4 km
with a grid resolution of 3 m, and the simulation duration is set at 4000 s.

The condition of partial wave reflection from the main breakwater can be naturally
incorporated by accounting for the wave energy dissipation along the breakwater body,
and thus there is no need to configure a porous layer as was done in the global wave
model. Sponge layers were installed at the four lateral boundaries of the computational
domain to ensure that the reflected waves propagating offshore and the incident waves
propagating toward the adjacent coastline were fully absorbed. In addition, bottom friction
was specified to account for the wave energy dissipation induced by the armor units of
the breakwater. Wave energy dissipation caused by wave breaking was considered via
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the eddy viscosity term. The shallow water method was adopted to handle the wet–dry
(breakwater) moving boundary [30,31].

According to the characteristics of water depth distribution, the main breakwater can
be divided into three segments: the shore-normal segment (where the breakwater axis
is perpendicular to both the coastline and isobaths), the shore-parallel segment (where
the breakwater axis is parallel to the coastline and forms an angle of approximately 15◦

with the isobaths; the junction between the shore-normal segment and the shore-parallel
segment is defined as the turning section), and the head segment (where the breakwater
axis forms a certain angle with both the coastline and isobaths).

Figure 12. Water Depth Distribution of the Local Wave Model for Chancay Port.

The BW model is implemented with the default parameter settings recommended in
the model documentation, and no parameter calibration is carried out. Model performance
is assessed through validation against the available observations (Section 3.2).

3.2. Port Model Validation

To evaluate the accuracy of the harbor-scale model, seven large-wave instances were se-
lected based on the records from observation Station 1 (Figure 4) to conduct wave simulations
(Table 2). The numerical results at Station 2 and 3 are compared with the synchronized field
observation data (Table 3). The results indicate that the relative error at Station 3 ranged from
0.7% to 14.3%, with five of the seven datasets exhibiting errors below 10%. The higher errors
(>10%) in the final two sets were primarily due to a more westerly wave direction, which
allowed for greater wave penetration into the harbor. At Station 2, the simulation error varied
between 0.4% and 11.5%, with six sets maintaining an error of less than 10%. Overall, the
error distribution across both stations shows that 82% of the data points were within a 10%
margin, and errors during key periods remained below 5%. The strong agreement between
the simulated and observed results demonstrates that the established harbor wave model is
highly capable of reproducing actual wave conditions within the port.

Table 2. Incident wave parameters during high-wave conditions.

No. Time Hs (m) Tp (s) θm (◦)

1 5 June 2024 16:00 2.35 14.20 233.55
2 10 September 2024 14:00 2.31 14.48 207.43
3 6 November 2024 05:00 2.93 15.73 217.69
4 25 November 2024 08:00 2.72 16.65 212.54
5 15 December 2024 15:00 2.06 15.46 222.29
6 27 December 2024 22:00 1.54 17.54 254.89
7 28 December 2024 11:00 1.73 20.36 253.06
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Table 3. Comparison between modeled and measured wave heights in the harbor during high-wave
conditions.

No. Time
P3 P2

Observed Modelled Error Observed Modelled Error

1 5 June 2024 16:00 1.327 1.318 0.7% 0.350 0.310 11.5%
2 10 September 2024 14:00 0.608 0.602 1.1% 0.159 0.160 0.4%
3 6 November 2024 5:00 0.756 0.783 3.5% 0.308 0.293 4.8%
4 25 November 2024 8:00 0.657 0.673 2.4% 0.287 0.263 8.5%
5 15 December 2024 15:00 0.493 0.451 8.5% 0.159 0.165 3.6%
6 27 December 2024 22:00 0.572 0.634 10.8% 0.464 0.468 0.8%
7 28 December 2024 11:00 0.588 0.672 14.3% 0.651 0.590 9.4%

3.3. Simulation Results of Wave Conditions in the 824 Breakwater Area
3.3.1. Results of the Global Wave Model for Chancay Port

This subsection briefly presents the simulation results of waves in the offshore break-
water area under the 824 event conditions (wave direction Dir = 223◦, spectral peak period
Tp = 18.0 s, significant wave height Hs = 4.2 m). Figure 13 shows the wave surface eleva-
tion distribution at a specific moment, from which the process of wave propagation and
diffraction into the port can be observed. Figure 14 presents the significant wave height
distribution; owing to the installation of sponge layers around the computational domain,
the wave height in these areas is extremely small. The significant wave height offshore is
generally greater than 4.5 m, reaching up to 5 m at the location 300 m in front of the main
breakwater (measured from the central axis) and 6 m at the location 100 m in front of the
breakwater. In the next subsection, the hydrodynamic details in front of and along the
breakwater will be further analyzed based on the local refined wave model.

Figure 13. Instantaneous Free Surface Elevation of the Global Port Model of Chancay Port under the
824 Condition.

3.3.2. Results of the Local Wave Model for Chancay Port

(1) Instantaneous Characteristics

Figure 15 presents the instantaneous wave surface distribution simulated by the local
model of Chancay Port under the 824 event conditions, where the left column shows the
3D views and the right column shows the plan views. The selected time corresponds
to the moment of relatively large wave heights within the wave train, from which wave
overtopping over the main breakwater can be observed. As the wave train propagates
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over the sloped breakwater, the water depth gradually decreases, leading to a reduction
in wave velocity, shortening of wave length, gradual steepening of the wave surface, and
significant nonlinear deformation. When the wave steepness reaches the critical value,
the wave crest leans forward and breaks, accompanied by the dissipation of partial wave
energy. The broken water mass still retains considerable kinetic energy and may rush onto
the breakwater crest and overtop the structure under the wave pushing effect, resulting in
the occurrence of wave overtopping. The remaining wave energy is either dissipated in the
vicinity of the breakwater body or returns to the open sea in the form of reflected waves.

Figure 14. Distribution of Significant Wave Height in the Global Port Model of Chancay Port under
the 824 Condition.

Figure 15. Instantaneous Free Surface Distribution of the Local Model of Chancay Port under the 824
Condition: Left panel shows a three-dimensional view, right panel shows a plan view (unit: m). The
selected time instance corresponds to a moment of relatively high wave height within the wave train,
where overtopping at the main breakwater can be observed.

(2) Statistical Characteristics

The statistical characteristics of waves were analyzed based on the simulation data
spanning from 400 to 4000 s. Figure 16 presents the distribution of significant wave
height derived from the local model of Chancay Port. Partial wave reflection occurs at
the breakwater, and the superposition of reflected waves and incident waves gave rise to
standing waves, resulting in a periodic oscillation trend of wave height along the shoreward
direction. The significant wave height could exceed 5 m at the location 300 m in front of the
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breakwater (measured from the central axis), and surpass 7 m on the breakwater body. The
wave height on the breakwater body exhibits a trend of first increasing and then decreasing
sharply. The maximum wave height occurs at the moment and location where waves were
on the verge of breaking on the slope of the breakwater body, rather than in the deeper
water area in front of the breakwater (with a water depth of over ten meters). After wave
breaking, the wave height decreased rapidly due to energy dissipation.

Figure 16. Distribution of Significant Wave Height in the Local Model of Chancay Port under the 824
Condition (Wave height unit: m).

Figure 17 presents the distribution of maximum wave surface elevation derived from
the local model of Chancay Port. The wave surface elevation in the shore-parallel segment
of the main breakwater was relatively large, exceeding 12 m—that is, approximately 2 m
above the breakwater crest. This could potentially impact and damage the equipment and
instruments installed on the breakwater crest. In contrast, the wave surface elevation was
smaller in the shore-normal segment of the main breakwater, since this segment is parallel
to the wave direction.

Figure 17. Distribution of Maximum Free Surface Elevation in the Local Model of Chancay Port
under the 824 Condition (Free surface unit: m).

(3) Analysis of Wave Patterns and Flow Fields at the Turning Section of the Main Breakwater

The wave patterns and flow fields at the turning section of the main breakwater
are extremely complex. This region exhibits the characteristics of both the shore-parallel
segment and the shore-normal segment. On the one hand, waves undergo multi-directional
reflections along the curved axis, forming complex standing waves and thus leading to
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intense wave run-up. On the other hand, in the area adjacent to the shore-normal segment,
water depth-induced wave breaking occurs due to the shallow water depth along the
breakwater body, generating extremely strong horizontal flow velocities. These high flow
velocities exert continuous lateral forces on the armor units, enhancing the impact loads
acting on the structure. In summary, the complexity of wave patterns and flow fields at the
turning section gives rise to higher flow velocities and stronger impact forces.

4. Discussion of the Causes of Damage to the Main Breakwater
Similar to observations reported for other swell-impacted ports under extreme condi-

tions along the Pacific coast of South America [1], the present event exhibits a combination
of long-period swell forcing and geometry-controlled amplification in the vicinity of the
breakwater, particularly near the turning section. Previous studies have shown that long-
period forcing can be strongly modulated by basin geometry and boundary reflection,
leading to amplified responses under energetic sea states [8,9]. In addition, previous inves-
tigations of harbor oscillations demonstrate that certain configurations can produce highly
sensitive amplification patterns, which is consistent with the strong spatial non-uniformity
found near the turning section in this study [10,14]. Although this paper does not quantify
structural response, the simulated concentration of near-breakwater amplification provides
a hydrodynamic context that is consistent with the conditions under which violent breaking
impacts and localized damage have been reported in large-scale laboratory experiments
and related engineering studies [15–17].

Against this background, the following discussion summarizes the causes of armor-
unit detachment during the 824 Large-Wave Event based on the present simulations, which
can be attributed to two main aspects:

(1) Extremely rare external wave conditions

This event was extremely rare and exceptionally severe. Originating from an intense
storm in the roaring forties of the Southern Hemisphere, the waves were long-period waves
(Tp = 18.0 s) that propagated over long distances in the form of swells and featured highly
concentrated energy. A comparison with the best-estimated values shows that the wave
heights of the 824 Large-Wave Event exceeded the 475-year return period standard at all
comparison stations, confirming its classification as a rare catastrophic event. Even when
compared with the 95% upper confidence limits, the wave heights of the 824 event still
reached the standard corresponding to a 150–475-year return period, which further reflects
its extreme nature. It should be noted that neither the PRDW Wave Report nor the large-
scale wave simulations conducted in this study considered the influence of breakwaters on
wave conditions.

(2) Near-breakwater wave transformation and wave-field amplification

The refined simulation results of the local model reveal the extremely harsh hydro-
dynamic environment in the vicinity of the breakwater body, which provides a plausible
hydrodynamic mechanism contributing to armor unit detachment. The significant wave
height can exceed 5 m at the location 300 m in front of the breakwater (measured from the
central axis) and surpass 7 m on the breakwater body. Violent wave breaking occurs on
the sloped surface of the breakwater. When the massive broken waves slam into the armor
layer, the water flow will rush into the gaps between the armor units at high speed. Given
the nearly incompressible nature of water, its kinetic energy is rapidly converted into enor-
mous pressure, generating highly transient impact forces. Such slamming pressure exerts
upward lifting and outward pushing effects between the armor units, directly weakening
the interlocking force among them, and its destructive capacity is far greater than the drag
force induced by steady water flow [15,16].
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Particularly at the turning section of the main breakwater, the wave patterns and flow
fields are extremely complex. This region exhibits the characteristics of both the shore-
parallel segment and the shore-normal segment simultaneously. On the one hand, waves
undergo multi-directional reflections along the curved axis, forming complex standing
waves and thus resulting in intense wave run-up. On the other hand, in the area adjacent
to the shore-normal segment, water depth-induced wave breaking takes place due to
the shallow water depth along the breakwater body, generating extremely strong flow
velocities. These high flow velocities act continuously on the armor units and their gaps,
enhancing the impact forces on the structure, which is the primary factor causing the
detachment of armor units at the turning section of the main breakwater.

5. Conclusions
By establishing a high-precision wave model for Chancay Port, this study verifies

that the 824 Large-Wave Event was an extreme swell event with a return period exceeding
475 years, and reveals the complex hydrodynamic processes induced by the event in the
main breakwater area as well as the intrinsic mechanism that ultimately led to the local
damage of armor units. The main conclusions are presented as follows:

(1) The 824 Large-Wave Event was an extremely rare and exceptionally severe long-
period swell event. Based on the regional reconstruction, the offshore significant wave
heights at the comparison stations exceeded the 475-year return-period standard when
using the best-estimated values. Even when considering the 95% upper confidence
limits, the event still corresponds to a 150–475-year return-period level, confirming its
extreme nature.

(2) Simulations using the Boussinesq equation model reveal a highly energetic and
spatially non-uniform near-breakwater wave field during the event. The significant
wave height can exceed 5 m at approximately 300 m in front of the breakwater
(measured from the central axis) and surpass 7 m on the breakwater body. The turning
section shows pronounced wave-field amplification associated with multi-directional
reflections and standing-wave patterns, accompanied by intense wave run-up.

(3) The local-scale results indicate that violent breaking in the vicinity of the armor layer
may create highly impulsive hydrodynamic conditions. In particular, wave breaking
on the sloped surface provide a plausible hydrodynamic explanation for the observed
spatial concentration of armor-unit detachment during the event.

(4) These findings highlight that, for swell-exposed ports with similar breakwater geome-
try, the turning section may represent a critical zone for localized amplification and
impact-prone conditions. The present results can support event interpretation and
risk-informed assessment, and can serve as a hydrodynamic basis for subsequent,
more detailed structural checks and mitigation planning if required.
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