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A B S T R A C T   

An accurate estimation of the historical harbour wave agitation is fundamental for many practical applications, 
such as port downtime analyses. In practical harbour agitation studies, usually based on numerical propagations 
from offshore wave climate towards a harbour (wave downscaling), the accuracy in defining the outer wave 
climate has an impact on wave agitation estimations, especially important for multimodal wave climates. In this 
paper, several strategies for wave agitation downscaling are presented based on different existing approaches 
with different accuracy levels for: a) wave downscaling method; b) definition of outer spectral waves. The ac
curacy/performance of each approach is evaluated by applying, and comparing them with multi-point instru
mental data from a field campaign, in a real scenario (Africa basin, Las Palmas Port, Spain) where the 
multimodality of waves, in addition to the agitation effects from port structures in the far-field, clearly de
termines the final accuracy of the in-port wave agitation. Improved results have been achieved with the most 
sophisticated/accurate strategies proposed. A comparative analysis of the advantages, limitations, uncertainty 
and CPU effort of each one, allows to suggest the preferable strategy, in each situation/context, for practical port 
wave agitation studies.   

1. Introduction 

An accurate estimation of the historical harbour wave agitation is 
fundamental for many practical applications, such as port operability/ 
downtime analyses. At present, practical wave agitation studies consist 
of the characterization of the harbour agitation response, in terms of 
exceedance thresholds of significant wave height (Hs). They are used to 
define the operational/downtime/security conditions (ROM3.1-99, del 
Estado, Puertos, de Fomento, Ministerio, 1999; Thoresen, 2003; PIANC, 
Working group PTC II-24, 1995). 

In common practice, wave agitation response is today accomplished 
through a numerical modeling approach by transferring defined wave 
climate conditions from offshore locations to inside the harbour. 
Therefore, the overall quality of wave agitation characterization greatly 
depends on: A) the efficiency of the numerical strategy, including nu
merical model and methodology followed to model the outer-harbour 
wave propagation and wave penetration into the harbour basin, as 
well as, B) the accuracy in the definition of forcing wave climate in the 

vicinity of the harbour. 
With respect to the first aspect (A), among the different numerical 

approaches available in literature, the two most widely used wave 
agitation models are those based on the elliptic mild-slope or Boussinesq 
equations. Both model classes solve the main physical processes 
involved in wave propagation and penetration into the harbour using a 
2DH (depth-averaged) approach, providing effective tools to properly 
simulate and evaluate the harbour wave agitation for practical purposes 
(Diaz-Hernandez et al., 2021; Eikema et al., 2018; Gruwez et al., 2012). 
To transfer the historical/hindcast wave conditions from outside to in
side the harbour, different approaches can be adopted. On one hand, a 
dynamic wave downscaling (based on an hour-by-hour numerical 
modeling) provides the most rigorous method since every historical sea 
state is numerically propagated. However, this first approach requires a 
high computational cost incompatible for practical applications. On the 
other hand, a statistical downscaling approach (completely based on 
mathematical/statistical techniques) consist of correlating the in-port 
waves to outer wave conditions by means of mathematical algorithms 
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(e.g. increasingly used artificial neural networks, in Kankal and Yüksek, 
2012 and López et al., 2015). This approach is limited by the availability 
of required databases of outer wave conditions and corresponding 
harbour wave agitation (instrumental data in López et al., 2015, phys
ically modeled in Kankal and Yüksek, 2012). Such databases are usually 
spatially and/or time limited. Finally, the most commonly used 
approach is hybrid downscaling. It combines both numerical modeling 
and statistical/mathematical techniques. Based on a reduced number of 
numerical propagations, a reference dataset of wave agitation is 
generated, from which statistical/mathematical techniques are applied 
to estimate the long-term wave agitation response related to outer 
waves. Different hybrid methodologies for wave agitation downscaling 
can be found in literature. For example, in Londhe and Deo (2003) and 
Zheng et al. (2020), the application of aforementioned neural networks, 
trained with numerical data, previously generated, is proposed for wave 
agitation estimation. On other hand, several works are based on the 
hybrid methodology described in Camus et al. (2013) (originally 
developed for coastal wave downscaling, demonstrating an efficient 
performance), applied to port agitation assessment (Campos et al., 2019; 
Camus et al., 2019; Diaz-Hernandez et al., 2021). According to Camus 
et al. (2013), a first selection of representative sea states (to be numer
ically propagated) by applying mathematical selection algorithms is 
carried out, and a final (statistical) historical reconstruction by means of 
interpolation methods is performed. This method is applied in a multi
variate space. 

With respect to the second point (B), the characterization of the wave 
climate in the vicinity of the harbour is a fundamental aspect, since the 
wave agitation response is clearly determined by the incoming/forcing 
waves. In practice, the characterization of the climatic wave conditions 
outside the harbour is usually based on time series of aggregated wave 
parameters (typically, significant wave height, Hs; peak period, Tp; and 
mean direction, Dm) mainly obtained from either hindcast/modeling or 
instrumental buoy data. Based on this parameterized definition of 
waves, theoretical spectra (e.g. Jonswap, Pierson Moskowitz) are usu
ally reconstructed and used as input to force numerical agitation models 
(Gruwez et al., 2012; Panigrahi et al., 2015; Zheng et al., 2020). How
ever, this aggregated information does not represent the multimodal 
nature of waves usually composed of one or more swells coming from 
different areas and one wind sea locally generated. This can be a critical 
point for wave agitation assessment in harbour areas with a clear mul
timodality of waves. Each particular wave system, with different period 
and/or direction, penetrates into the harbour basin influencing, in a 
different manner, the wave agitation response. Aggregated unimodal 
definitions for outer waves in sea states comprised by multiple waves, 
result in deviated agitation patterns. For more accurate estimations of 
wave agitation response, with multimodal outer waves, multi-peaked 
spectral representations forcing the numerical agitation model are 
required. In the last years, new spectral-based approaches, relying on 
directional spectral information, for multimodal wave climate definition 
have been developed. For example, Rueda et al. (2017) is based on 
long-term time series of (9-variable) sets of parameters (Hsi, Tpi, Dmi; 
where i = 1 to 3) to describe three wave systems (parameterized parti
tions from directional spectra) in each sea state. From time series like 
this, for each sea state, the partitioned spectrum of each parameterized 
component can be theoretically reconstructed to ultimately compose the 
(total) multi-peaked spectrum as a superposition of the corresponding 
partitions. This reconstructed spectra provides an approximated spectral 
representation of multimodal waves. Nevertheless, the most accurate 
way to represent the spectral wave climate is by means of the 
real-shaped spectra. Nowadays, the complete directional spectrum of a 
sea state in a specific location can be numerically obtained. This is 
possible due to the advances of the third generation spectral wave 
models that allow to resolve the complete directional energy distribu
tion of waves during the propagation processes in offshore and near
shore. This latter, in addition to the advances of reanalysis data used as 
forcing of these models results in improved hindcast/modeling of 

directional spectra (Perez et al., 2017). Wave climate definition based on 
the complete directional spectra acquires special importance as forcing 
for numerical agitation models since they provide detailed representa
tions of the multimodal outer waves. By means of numerical agitation 
models able to assimilate and propagate the real-shaped directional 
spectra, more accurate numerical wave agitation results can be esti
mated. Indeed, this can be considered as one of the new advances in the 
state of art of numerical wave agitation modeling (Diaz-Hernandez 
et al., 2021). 

The objective of this work is to assess the performance of different 
approaches for historical wave agitation characterization, measuring the 
associated uncertainty level and computational cost. A two-stage wave 
downscaling procedure is proposed, comprising the following stages: 1) 
a dynamic wave downscaling, from offshore to near-port; 2) wave 
downscaling from outer waves to port agitation. An accurate real-shaped 
(not parameterized/theoretical functions) definition of spectral wave 
climate in the vicinity of the port (hindcast series) has been achieved in 
the first stage of a dynamic wave downscaling. In the second stage of 
wave downscaling, six different strategies for wave propagation and 
wave penetration into the harbour basin have been developed. First, a 
wave agitation downscaling following a dynamic approach is presented. 
The other 5 strategies proposed consist of different adaptations/versions 
of hybrid downscaling, based on the aforementioned general method
ology described in Camus et al. (2013), depending on the different 
sub-approaches (accuracy levels) adopted to define the multi-annual 
outer spectral wave climate (theoretical based on unimodal aggre
gated parameters, trimodal parameterized partitions, or multimodal 
real-shaped) at each step of the methodology. All the strategies have 
been applied to a real port area (Africa basin, Las Palmas Port, Spain) 
with a clearly multimodal wave climate, where, in addition, the far-field 
agitation effects generate characteristic (in principle not expected) local 
agitation patterns. The uncertainty is progressively quantified, from the 
initial value associated with the offshore input data and throughout the 
entire downscaling procedure for each different strategy, by comparing 
the numerical data with on-site measurements. The performance of each 
different strategy is quantitatively evaluated in terms of accuracy and 
computational cost. The advantages and limitations for each one are 
pointed out allowing to suggest the best strategy to follow for practical 
wave agitation studies depending on the context, where the main con
ditioning factor is the available initial information database describing 
the historical wave climate offshore/outside the port. 

This paper is organized as follows: Section 2 briefly describes the 
study port basin where the different proposed strategies are applied, as 
well as the instrumental data used in validating each stage of the entire 
downscaling process, for each different strategy. In section 3, the dy
namic procedure followed to generate the hindcast series of real-shaped 
spectra outside the port is firstly described. Then, a characterization of 
the historical spectral wave climate in the vicinity of the port is pre
sented. In section 4, the different downscaling strategies for wave 
agitation are described, including a final analysis of the different ap
proaches adopted to define the forcing spectra of wave agitation model 
and their effects on numerical results. Section 5 presents the results 
obtained with each strategy, evaluating and discussing the performance 
of each one. Finally, section 6 contains the main conclusions of this 
work. 

2. Study port basin and instrumental data used for validation 

The Africa basin (Fig. 1a) is located in Las Palmas Port, which is on 
the East coast of Gran Canaria Island, open to Atlantic Ocean (Fig. 2). It 
has a north-south orientation with the port entrance on the southern 
side. The main protection structure is the Nelson Mandela breakwater 
(vertical breakwater made of concrete caissons; 1 000 m long, approx
imately) that bounds the eastern boundary of the basin. On the west 
side, the basin is delimited by the Reina Sofia breakwater. It consists of a 
rubble mound breakwater in the north-south aligned section (1 600 m 
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long, approximately), and vertical wall in its final part (1 400 m long, 
approximately). Inner contours, on the north and east sides, are mainly 
built of vertical type quay walls (concrete caissons), and rubble mound 
cross-sections between berthing ramps in the northern contour. The 
western side of the basin (unfinished construction) consist of natural 
slope and fill. The water depth in the basin varies up to nearly 35 m (at 
high water level, Fig. 1b). 

The instrumental data used to validate the proposed wave down
scaling procedures come from three different sources depending on the 
phase of the methodology to be validated. First, offshore waves (used as 
initial forcing in wave downscaling) have been validated prior to start 
the downscaling process. This validation is based on a comparison with 
instrumental data from an offshore buoy (Gran Canaria buoy, REDEXT, 

provided by the Spanish institution Puertos del Estado) located in the 
north of Gran Canaria island at deep waters (UTM coordinates: 
421486.27 m E, 3119616.75 m N; 780 m depth; B0 in in Fig. 2a). It is a 
SeaWatch buoy (since 2003) with a recording time period of 30 min 
every hour (del Estado, Puertos, de Fomento, Ministerio, 2015a). Hourly 
scalar aggregated parameters are provided for a length of over 22 years 
(1997–2019) as well as directional aggregated parameters are available 
for a period of 16 years (2003–2019). 

The outer waves in the vicinity of the port, numerically obtained in 
the first stage of downscaling, have been validated with data from a 
coastal buoy (Las Palmas Este buoy, REDCOS, provided by Puertos del 
Estado) located in the proximities of the port (UTM coordinates: 
461671.76 m E, 3102802.49 m N; 30 m depth; B1 in Fig. 2b). It is a 

Fig. 1. a) Location of the Africa basin in Las Palmas Port. Actual port geometry. Source of base map: viewfinder Grafcan (IDE Canarias, Government of the Canary 
Islands). b) Location of measuring systems in the Africa basin (DeepWAVES: D1-D6, AWAC: A7). UTM coordinates (m). Actual bathymetry (m). 

Fig. 2. a) Numerical grids defined in SWAN. Low resolution (black): dx = dy = 0.005⁰; Fine resolution (magenta): dx = dy = 0.001⁰. Position of control points B0 and 
G0. Numerical domain in MSP (green). b) Numerical domain in MSP within the fine grid in SWAN. Position of control point B1 and forcing points in MSP (R1–R8). 
UTM coordinates. Actual bathymetry (m). 
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Triaxys buoy (since 2014) with a recording time period of 24 min every 
hour, with a sampling rate of 4 Hz (del Estado, Puertos, de Fomento, 
Ministerio, 2015b). Hourly scalar aggregated parameters are provided 
for a length of 28 years (1992–2020) as well as directional aggregated 
parameters are available for a period of 6 years (2014–2020). 

Instrumental data for multi-position validation of wave agitation 
inside the port (second stage of wave downscaling procedure) consist of 
data measured in a field campaign performed in the Africa basin from 
July 2019 to February 2020 (8 months). Wave agitation measurements 
were taken at different locations along the berthing line by means of 
DeepWAVES monitoring stations. Free surface measurements are taken 
by means of ultrasonic range finders, with a sample rate of 5 Hz. For a 
period of one month (July 2019), an Acoustic Wave and Current Profiler 
with Acoustic Surface Tracking (AWAC-AST, Nortek AS) was deployed 
in the middle of the Africa basin. This instrument used a pressure and 
velocity sampling rate of 2 Hz (that is 4 Hz for surface tracking, (Nortek, 
2017)). Hourly wave parameters are obtained from postprocessing the 
measured data from DeepWAVES and AWAC systems for the same 20 
min every hour. Fig. 1b shows the location of the gauges employed in 
this validation process (DeepWAVES: D1-D6 and AWAC: A7). 

3. Historical spectral wave climate in the vicinity of the port 

A proper multi-annual outer spectral wave climate definition in the 
vicinity of the port has been attained by means of historical time series of 
real-shaped (not parameterized or theoretical functions) directional 
spectra, so that the multimodal nature of waves is conserved and 
completely represented when forcing the wave agitation model. This 
point is especially relevant for wave agitation studies where the mo
dality of the outer waves plays an important role in the response of the 
basin. Historical series of over 40 years (1980–2020) with hourly 
directional wave energy spectra have been generated in the proximities 
of the port basin by means of the third-generation spectral wave model 
SWAN (Simulation Waves Nearshore; (Booij et al., 1999)) used in a 
dynamic/non-stationary mode. Two nested grids (Fig. 2a) have been 
defined, reaching a resolution of 0.001⁰ in the port area (fine mesh). 
Hourly forcings come from global hindcast and reanalysis data: wind 
fields (10 m height) from the Climate Forecast System (CFSR) (Saha 
et al., 2010), (CFSv2) (Saha et al., 2014); wave contours (offshore 
directional spectra with spatial resolution of 0.25⁰) from the Global 
Ocean Waves (GOW2) database (Perez et al., 2017); sea level including 

Table 1 
Summary table of numerical strategies. Characteristics of wave definition approaches at each step from S1 to S6. The accuracy in representing the 
multimodality of waves is indicated by the color scale (in descending order: green, yellow, orange, and red). Wave parameters: Hm0; Tp; Dm; 
directional spreading, σD; peak enhancement factor, γ Jonswap. LWL: Low Water Level; HWL: High Water Level. 

1Real-shaped spectra for the reduced number of the selected representative sea states are required. 
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astronomical tide and storm surge from Global Ocean Tide (GOT) 
(IHCantabria reconstruction based on the TPXO global tides model 
(Egbert et al., 1994; Egbert and Erofeeva, 2002)) and Global Ocean 
Surges (GOS) (Cid et al., 2014) datasets, respectively. 

In order to perform a robust wave validation throughout the entire 
procedure, quantifying the uncertainty introduced at each phase of 
downscaling, the historical offshore waves from GOW database used as 
forcing in SWAN model (at point G0 in Fig. 2a) have been compared 
with instrumental data from an offshore buoy (780 m deep; B0 in 
Fig. 2a). Variations between these two close positions at deep waters are 
considered to be negligible. Indeed, high correlated results are obtained 
comparing wave characteristics at both locations. Additionally, nu
merical results from SWAN at point B0 have also been compared with 
instrumental data. The quality of the numerical offshore waves has been 
quantitatively evaluated by means of the main statistical parameters 
(systematic deviation, BIAS; root mean square error, RMSE; dispersion 
from bisector as Scatter Index, SI; bisector correlation coefficient, CORR; 
and the correlation ratio, R2) in Table 3. High goodness in the fitting is 
shown at both positions G0 and B0. For zero order moment wave height 
(Hm0 parameter), RMSE of 0.25 m and SI of 0.15 are obtained, while 
CORR and R2 are above 0.92 and 0.85, respectively (Table 3). An 
adequate representation of offshore waves is demonstrated, as well as 
the initial uncertainty level associated with the input data at the first 
stage of wave downscaling is quantified. 

From numerical model SWAN, long time series of outer wave spectra 
(discretized in 41 frequencies x 48 directions) have been obtained at 9 
different positions in the vicinity of the port (B1; R1-R8 in Fig. 2b). 
Control point B1 (about 30 m deep) has been used to validate these 
numerical propagations (first stage in dynamic methodology). Time 
series at points R1-R8 (about 100 m deep) have been generated in order 

to represent the spatial variability over the area when forcing the wave 
agitation model. 

The directional spectral waves dynamically simulated at point B1 are 
compared with those obtained from instrumental data of the coastal 
buoy. Comparison (scatter plots and main statistical/correlation pa
rameters) between buoy and numerical aggregated spectral parameters 
are shown in Fig. 3. The assessment coefficients are also indicated in 
Table 3. An adequate goodness of fit of numerical estimations, in terms 
of spectral parameters, is shown at the coastal analysis position B1. 
CORR coefficients of 0.91, 071 and 0.80 are obtained for comparisons of 
Hm0, Tm02 and Tp, respectively. CORR = 0.75 is obtained for both 
directional parameters Dm and Dp. Some deviation is observed in scatter 
plot of Dm parameter, where some values of aggregated Dm from nu
merical modeling are considerably different from instrumental Dm 
values from the buoy (e.g., DmMODEL > 145⁰ for DmBUOY < 145⁰). It 
should be noted that those deviated data represent a 0.28% of the total 
length of 6 years of wave statistics used in comparison. Such deviations 
are due to local wind effects. Since meso-scale resolution wind fields 
have been used to force the SWAN model, possible local “shadow” ef
fects from the local topography of the island are not well represented 
when winds come from onshore. This results in an overestimation of 
such locally-generated sea waves coming from NW directions. Never
theless, the in-port wave agitation is not affected by these waves since 
their propagation direction is opposite to that incident to the port, so 
these deviations are not considered to affect the goodness of fit of 
validation. 

After this validation at the coastal position B1, the directional spectra 
at points R1-R8 are used to characterize the historical spectral wave 
climate in the vicinity of the port. This information is later used to define 
the forcing wave climate for the wave agitation model, by following the 

Table 2 
Results of Hm0, Tp and Tm02 at 7 control points by forcing the wave agitation modeling with spectra a) – e) (Fig. 8).   

Real-shaped Standard, theoretical, unimodal 
3 parameters: Hm0, Tp, Dm 

Characteristic, theoretical, unimodal 
5 parameters: Hm0, Tp, Dm, σD, γ 

Characteristic, theoretical, multimodal 
3x5 parameters: 3x(Hm0, Tp, Dm, σD, γ) 

Hm0 (m) Tp (s) Tm02 (s) Hm0 (m) Tp (s) Tm02 (s) Hm0 (m) Tp (s) Tm02 (s) Hm0 (m) Tp (s) Tm02 (s) 

a) D1 0.23 5.7 5.3 0.17 9.9 9.9 0.18 10.6 10.0 0.18 10.6 10.0 
D2 0.24 4.7 5.0 0.16 10.0 9.7 0.18 10.0 9.7 0.18 10.0 9.7 
D3 0.20 5.5 5.5 0.15 9.2 9.5 0.16 9.6 9.4 0.16 9.6 9.4 
D4 0.18 6.5 5.4 0.15 11.2 10.5 0.16 11.2 10.5 0.16 11.2 10.5 
D5 0.20 5.4 5.2 0.16 10.1 9.8 0.17 10.5 9.7 0.17 10.5 9.7 
D6 0.18 9.1 6.5 0.17 9.1 9.6 0.17 9.2 9.7 0.17 9.2 9.7 
A7 0.21 5.8 5.6 0.16 10.6 10.1 0.17 11.7 10.2 0.17 11.7 10.2 

b) D1 0.17 10.0 7.4 0.11 9.5 9.4 0.13 9.9 9.2 0.11 3.0 3.4 
D2 0.15 11.8 7.3 0.10 10.9 9.4 0.14 10.4 8.8 0.12 3.0 3.3 
D3 0.14 11.0 8.7 0.11 9.1 9.2 0.14 9.1 8.3 0.10 3.0 3.5 
D4 0.14 12.0 9.7 0.10 11.1 10.3 0.12 11.0 9.1 0.11 3.0 3.4 
D5 0.14 12.0 7.8 0.10 9.9 9.4 0.13 10.3 8.4 0.11 3.3 3.5 
D6 0.15 10.2 9.2 0.12 9.1 9.5 0.13 9.8 9.1 0.10 3.7 4.0 
A7 0.16 10.8 8.5 0.11 9.2 9.5 0.13 10.6 8.9 0.10 3.0 3.5 

c) D1 0.70 4.2 4.3 0.32 12.2 12.0 0.31 12.5 11.7 1.05 4.3 4.2 
D2 0.28 3.5 4.7 0.34 12.1 11.4 0.31 12.1 10.8 0.34 3.6 3.9 
D3 0.21 7.6 6.3 0.28 12.1 11.1 0.27 12.2 10.7 0.21 4.8 4.8 
D4 0.21 15.0 8.4 0.29 12.6 12.0 0.28 13.8 12.2 0.18 5.3 6.0 
D5 0.20 12.3 7.0 0.29 12.1 11.3 0.26 12.1 11.2 0.19 4.3 5.2 
D6 0.23 5.1 5.7 0.24 12.1 11.3 0.25 12.0 10.9 0.26 5.1 4.7 
A7 0.38 3.9 4.5 0.36 12.3 12.2 0.34 13.2 11.9 0.49 4.0 4.1 

d) D1 0.81 4.1 4.2 0.56 9.1 8.5 0.49 9.8 8.3 0.49 4.7 4.4 
D2 0.51 4.2 4.4 0.68 9.4 7.6 0.59 9.9 7.4 0.37 4.6 4.6 
D3 0.37 5.2 4.9 0.71 8.7 7.8 0.54 8.6 7.5 0.28 5.4 5.0 
D4 0.34 5.2 5.3 0.42 8.6 7.3 0.38 9.5 7.3 0.27 8.3 5.8 
D5 0.36 4.7 4.8 0.54 8.4 7.4 0.45 7.7 7.2 0.28 5.4 5.1 
D6 0.32 4.9 4.9 0.50 9.3 8.1 0.47 9.9 8.2 0.29 5.2 5.2 
A7 0.51 4.1 4.5 0.60 8.8 7.9 0.51 8.1 7.8 0.38 5.2 5.1 

e) D1 0.42 4.5 4.6 0.21 4.7 4.6 0.25 4.7 4.5 0.36 4.7 4.5 
D2 0.34 4.3 4.6 0.29 4.7 4.6 0.39 4.5 4.6 0.29 4.6 4.6 
D3 0.29 5.2 5.2 0.33 5.1 5.0 0.35 5.3 5.0 0.27 5.2 5.2 
D4 0.29 6.1 5.7 0.30 5.2 4.9 0.31 5.4 4.7 0.28 7.8 5.8 
D5 0.29 5.0 5.0 0.30 5.0 4.7 0.34 5.2 4.7 0.27 5.2 5.1 
D6 0.24 5.1 5.4 0.20 5.3 4.9 0.24 5.1 4.8 0.22 5.6 5.5 
A7 0.32 4.9 4.9 0.26 5.0 4.8 0.30 4.9 4.7 0.29 5.1 5.0  
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Table 3 
Statistical fit coefficients from comparison of numerical data with instrumental measurements at each stage of wave downscaling methodology. Visualization of the 
uncertainty/accuracy level at each stage throughout the entire downscaling methodology (for different strategies in the second stage of wave agitation downscaling).   

Stage of wave downscaling Par. BIAS RMSE SI CORR R2 Statistics Length 

0.1 Offshore waves (Forcing point G0 in SWAN) Hm0 − 0.062 m 0.250 m 0.150 0.925 0.855 Scalar: 22 years 
Directional: 16 
years 

Tm 0.168 s 0.996 s 0.182 0.742 0.550 
Tp 1.220 s 2.670 s 0.288 0.725 0.525 
Dm − 11.832⁰ 21.257⁰ 0.111 0.815 0.665 
σD 1.308⁰ 11.916⁰ 0.331 0.693 0.480 

0.2 Offshore waves (Results from SWAN at offshore point B0) Hm0 0.034 m 0.252 m 0.151 0.924 0.853 Scalar: 22 years 
Directional: 16 
years 

Tm − 0.042 s 0.983 s 0.179 0.743 0.552 
Tp 1.403 s 2.663 s 0.287 0.736 0.541 
Dm − 12.089⁰ 20.139⁰ 0.105 0.830 0.690 
σD 1.838⁰ 13.080⁰ 0.363 0.661 0.437 

1 Outer waves in the vicinity of the port basin (Results from SWAN at coastal point 
B1) 

Hm0 0.061 m 0.241 m 0.206 0.906 0.822 Scalar: 28 years 
Directional: 6 years Tm − 0.528 s 1.028 s 0.208 0.707 0.500 

Tp 0.253 s 1.871 s 0.232 0.796 0.634 
Dm − 8.017⁰ 13.992⁰ 0.350 0.751 0.564 
σD 0.646⁰ 8.336⁰ 0.325 0.642 0.412 

2.1 S1. Wave agitation inside the port basin (Results from S1 at inner points D1-D6, 
A7) 

Hm0 − 0.003 m 0.079 m 0.244 0.823 0.677 D1-D6: 8 months 
A7: 1 month Tp − 1.186 s 3.001 s 0.385 0.771 0.595 

2.2 S2. Wave agitation inside the port basin (Results from S2 at inner points D1-D6, 
A7) 

Hm0 − 0.088 m 0.137 m 0.422 0.726 0.527 D1-D6: 8 months 
A7: 1 month Tp 1.591 s 3.485 s 0.447 0.736 0.542 

2.3 S3. Wave agitation inside the port basin (Results from S3 at inner points D1-D6, 
A7) 

Hm0 − 0.059 m 0.105 m 0.324 0.775 0.601 D1-D6: 8 months 
A7: 1 month Tp 1.812 s 3.620 s 0.465 0.732 0.535 

2.4 S4. Wave agitation inside the port basin (Results from S4 at inner points D1-D6, 
A7) 

Hm0 − 0.009 m 0.087 m 0.269 0.797 0.635 D1-D6: 8 months 
A7: 1 month Tp − 1.270 s 3.268 s 0.420 0.746 0.557 

2.5 S5. Wave agitation inside the port basin (Results from S5 at inner points D1-D6, 
A7) 

Hm0 − 0.023 m 0.092 m 0.285 0.784 0.615 D1-D6: 8 months 
A7: 1 month Tp 0.798 s 3.157 s 0.405 0.745 0.556 

2.6 S6. Wave agitation inside the port basin (Results from S6 at inner points D1-D6, 
A7) 

Hm0 0.006 m 0.081 m 0.250 0.817 0.667 D1-D6: 8 months 
A7: 1 month Tp 0.063 s 3.106 s 0.399 0.742 0.551  

Fig. 3. Scatter plots (and main statistical/correlation coefficients) of aggregated parameters (numerical versus buoy) at control point B1. 28 years of wave statistics 
for scalar parameters; 6 years of wave statistics for directional parameters. Quantile values for 30 non-exceedance probability values equi-spaced between 1% and 
99.999%, in Gumbel probability paper (-ln(-ln(F)); where F is the non-exceedance probability), are represented by diamond symbols (filled color for values between 
1% and 90%; non-filled color for values between 90% and 99.999%). 
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different definition approaches adopted in the different wave down
scaling strategies. 

The historical spectral wave climate in the vicinity of the study port 
area presents a strong multimodality of waves. In this historical outer 
wave climate characterization, the directional spectra have been parti
tioned making use of the library code Wavespectra (GitHub – metocean/ 
wavespectra, MetOcean Solutions Ltd., 2018) based on the watershed 
algorithm (Hanson et al., 2009). The statistical analysis of time series of 
parameterized partitions demonstrates the predominance of multimodal 
sea states in the study area. For example, 18.4% of the hourly sea states 
in the historical series at point R6 present a unimodal spectral shape; 
27.4% are bimodal cases; 26.7% of spectra present a trimodal shape. The 
remaining 27.5% correspond to multi-peaked cases (19.3% and 8.2% of 
spectra with 4 and 5 components, respectively). In Fig. 4, each separate 
wave component obtained from partitioning each historical directional 
spectra is represented in a parameterized form. Hm0 values of different 
hourly partitioned wave components are illustrated by color scales in a 
Tp-Dm space. As can be seen in Fig. 4, main wave components pre
dominantly comes from NNE directions with peak periods between 5 
and 10 s. Indeed, all unimodal cases in historical time series (with sig
nificant wave heights up to 5.7 m) are registered in N-NE directional 
sectors, with peak period values from 4 to 20 s, mostly contained in the 
range between 7.5 and 10 s. As the multimodality of waves accentuates, 
wave heights decrease as well as the variability of partitioned peak 
periods and wave directions increases. For non-primary wave systems, 
predominant peak periods, in general, are within 10 and 15 s. In a 
directional analysis, the aforementioned range (10–15 s) presents the 
higher probability of occurrence for N-E wave directions; while for E-S 

directions, the most probable waves come from SE with peak periods 
between 5 and 7.5 s. 

4. Downscaling strategies 

Six different strategies for wave agitation downscaling (second stage 
in a complete wave downscaling procedure) are presented and analyzed 
in this section. First, a dynamic wave agitation downscaling is developed 
and validated. Then, five different adaptations/approaches of hybrid 
downscaling based on the general methodology described in Camus 
et al. (2013) and Diaz-Hernandez et al. (2021) are presented. The gen
eral hybrid methodology is divided in three main steps: i) selection of a 
reduced number of sea states representative of the historical outer wave 
climate, by means of the Maximum Dissimilarity (MaxDiss) selection 
algorithm (Camus et al., 2011b); ii) numerical propagation of repre
sentative sea states by using a wave agitation model; iii) statistical 
reconstruction of the entire historical series of wave agitation by means 
of Radial Basis Function (RBF) interpolation (Camus et al., 2011a) based 
on numerical results from ii) and the historical outer wave climate. In 
this work, the different hybrid methodologies are proposed mainly 
depending on the approach adopted to define the outer wave spectra at 
each step of the methodology. 

The six practical downscaling strategies proposed in this paper for 
port agitation assessment are summarized in Table 1.The approach for 
wave definition at each step of each strategy is indicated, as well as the 
accuracy in representing the multimodality of the waves is depicted by a 
color scale. Green color indicates the highest accuracy level, followed by 
yellow, orange and, finally, red color which indicates the poorest 

Fig. 4. Wave parameters (Hm0, Tp, Dm) of separate wave systems in partitioned hourly historical spectra at point R6. Wave heights represented by different color 
scales in a Period-Direction space, in polar plots. Probability of occurrence (%) of each modality in historical time series. 
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representation of multimodal sea states. 
Fig. 5 presents the general scheme followed in this work for the 

dynamic (S1) and hybrid (S2–S6) methodologies. The detailed descrip
tion of each one is exposed in the following subsections. First, the dy
namic strategy is described. Then, the different hybrid methodologies 
are presented from lower to higher sophistication level. 

4.1. S1: Dynamic, real-shaped 

In this dynamic approach, the long time series of spectral wave 
agitation response are numerically simulated in an hourly and contin
uous way. The procedure followed to transfer the waves inside the port 
is based on Diaz-Hernandez et al. (2021). The numerical model used in 
this study is the modified elliptic mild-slope model MSPv2.0 (Dia
z-Hernandez et al., 2021) whose improved performance of meshing 

generator and numerical solver allow high-resolution propagations for 
short waves over large areas with complex bathymetries and geometries. 
This is an important aspect in large port areas such as the current study 
where the collateral far-field agitation effects (inner wave agitation 
produced by far structures/elements from the basin) plays an important 
role in wave agitation inside the basin (Sections 4.7 and 5). Another 
advantage to note is the capacity to self-adapt the numerical reflection 
coefficient (Kr) of port contours according to the periods of incoming 
waves (T). In MSPv2.0, the Kr for each contour/structure can be defined 
varying as a function of T. For example, based on Vílchez et al. (2016) 
the expressions of Kr(T) curves for some classified coastal/port structure 
types can be defined according to the typology, geometrical parameters 
of cross-section, material and water depth. The actual port geometry 
(2.0 km wide x 5.4 km high, Fig. 2) with 20 different types of 
cross-section and their associated Kr(T) curves, as well as the detailed 

Fig. 5. General scheme of numerical strategies. S1: dynamic downscaling. S2–S6: hybrid downscaling.  
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bathymetry (Fig. 2) of the port area have been considered in this work. 
In addition, the procedure allows to consider the detailed directional 
wave energy spectra outside the port as forcing in wave agitation 
modeling, which is an important aspect in multimodal wave climates. 
The evaluation of the spectral wave agitation is conducted through a 
spectral reconstruction based on the superposition of 
energy-denormalized unitary monochromatic waves covering the outer 
spectral waves (Diaz-Hernandez et al., 2021). This approach provides an 
efficient computational way to evaluate the wave characteristics at any 
point inside the port from an incoming directional spectrum (Dia
z-Hernandez et al., 2015). It is important to note the validity of this 
monochromatic-based approach as long as linearity of waves is main
tained. Non-linear effects of wave transformation are not simulated. The 
high computational effort involved in dynamic wave propagations over 
large numerical domains result excessive with other numerical ap
proaches. This monochromatic-based approach, using a mild-slope 
agitation model, provides an efficient modeling performance for 
long-term wave agitation predictions such as those required in the 

dynamic downscaling method adopted in this strategy. The mono
chromatic catalogue has been defined for a spectral discretization of 36 
frequencies and 72 directions. The wave agitation modeling (propaga
tions with MSPv2.0 and subsequent spectral reconstruction) has been 
dynamically forced with the hourly spectral information previously 
generated at points R1-R8 (Fig. 2) and considering the hourly real sea 
level. 

Fig. 6 shows the comparison of wave agitation numerically obtained 
at each of the control points (Fig. 1b) with that from instrumental data, 
during the time length of the field campaign (8 months for points D1 to 
D6, 1 month for point A7). The scatter plots and their main statistical 
and correlation parameters are presented in Fig. 6. Adequate correlation 
values (CORR ≥ 0.82 and R2 ≥ 0.67) between measured and numerical 
data have been obtained for all the control points except for the point D1 
where the coefficients are lower (CORR = 0.72, R2 = 0.52). The low 
BIAS values also indicate the good approximation between the numer
ical reconstruction and measurements. 

The good performance of the numerical assembly has been also 

Fig. 6. Scatter plots of wave agitation (numerical results versus field data) at the control points D1-D6 (DeepWAVES) and point A7 (AWAC). Quantile values for 30 
non-exceedance probability values equi-spaced between 1% and 99.999%, in Gumbel probability paper, are represented by diamond symbols (filled color for values 
between 1% and 90%; non-filled color for values between 90% and 99.999%). 
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verified in terms of wave period obtained from the resulting maps of Tp 
that spatially represents the influence of the different wave periods 
across the numerical domain. Fig. 7 shows the comparison of Tp time 
series obtained numerically at each of the control points with those of 
instrumental data. Note the difference in axes scaling of the graph of 
point A7 with respect to the graphs of points D1 to D6. The time series 
comparison and their corresponding statistical coefficients show a good 
general estimation in terms of Tp. 

As can be seen in Figs. 6 and 7, the numerical methodology (despite 
the limitations inherent to linear approaches) is able to adequately solve 
the dominant processes for wave agitation assessment in the study area. 
Differences between numerical and instrumental data may be due to 
additional features not included in the wave modeling, such as locally 
generated waves, port operations or marine traffic inside the basin 
influencing the measurements. For the particular case of gauge D1, the 
deviations may also be due to possible differences of the western nu
merical contour with respect to the real one, which was unfinished, and 
under construction, during the field campaign. 

In summary, the results obtained for the multiple positions within 
the port show a general good predictive behavior of this numerical 
methodology. The historical wave agitation response simulated with this 
validated downscaling strategy (S1) is considered the baseline below in 
this work (correlation coefficients in Table 3 demonstrate the best per
formance). The same catalogue of propagated monochromatic waves 
used in this validation of S1 has been used for spectral reconstruction of 
wave agitation response for the preselected cases in all the other hybrid 
approaches. 

4.2. S2: Hybrid, standard theoretical unimodal 

This strategy is based on the simplified definition of the outer spec
tral wave climate by means of the typical set of three aggregated pa
rameters (Hm0, Tp, Dm). From the 40-year hourly time series, a reduced 

number of representative sea states (sets of 3 variables) have been 
selected by using the trivariate MaxDiss selection algorithm (Camus 
et al., 2011b). According to Camus et al. (2011b), above 200 selected 
representative sea states, the error in representativeness between each 
hourly dataset and their representative set stabilizes tending to zero. In 
the current study, 500 representative cases have been selected from the 
long time series. Theoretical unimodal spectra (based on Jonswap-TMA 
spectra, with Wrapped-around Gaussian directional distribution; Mas
sel, 1996) have been used as the forcing spectra for the agitation 
modeling. Due to the lack of information about frequency and direc
tional spreading in this approach, theoretical/standard values have been 
assumed (γ = 3.3 and σD = 20⁰). In this S2 (as well as in following S3 to 
S6) hybrid approach, the 500 selected cases are propagated for two 
different sea levels (low and high water level) to finally obtain the actual 
results by interpolation for the real sea level. Spectral agitation maps are 
reconstructed based on the superposition of energy transformed mono
chromatic waves covering the discretized forcing spectra. From the 
spectral reconstruction of wave agitation response for the 500 pre
selected cases, the entire historical series of wave agitation at the target 
positions have been statistically reconstructed, for each sea level, by 
means of RBF techniques (Camus et al., 2011a) where the interpolation 
is based on the 3-parameter hindcast series. The final historical series of 
wave agitation for the real sea level are obtained by linear interpolation 
between series for low and high water level. 

With this strategy, the common practice for wave agitation predic
tion of defining the historical outer waves as unimodal sea states from 
available time series of classical sets of 3 aggregated parameters is 
assessed. 

4.3. S3: Hybrid, characteristic theoretical unimodal 

The frequency-directional distribution of wave energy in the outer 
wave spectra plays an important role in port agitation. When the forcing 

Fig. 7. Time series of Tp (s) at the control points D1-D6 (DeepWAVES, 8 months) and point A7 (AWAC, 1 month). Instrumental data (black points), numerical results 
(red points). Note the different axes scaling for point A7. 
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spectra for wave agitation modeling are defined by theoretical functions, 
the wave agitation estimations depends on the spectral shape/spreading 
coefficients adopted. These parameters vary significantly among 
different sea states, and theoretical values do not always provide an 
adequate characterization. This approach is an extended version of the 
methodology S2 previously described to which the particular/charac
teristic aggregated parameters of frequency spectral shape (in terms of 
peak enhancement factor, γ, for Jonswap spectrum) and directional 
spreading (σD) have been added to the set of aggregated parameters 
defining the sea states in the initial historical time series. Based on 
Espejo (2011), the γ parameter has been calculated by the expression 
(Eq. (1)) in the range 1 < γ < 7, where к (Eq. (2)) is obtained from 
numerical spectra according to (Rice, 1945); and σD has been calculated 
from directional spectra by using the formula proposed in Kuik et al. 
(1988) (Eq. (3)). 

γ =
[
к − 1.869
− 1.465

]1/− 0.1067
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The same methodology of S2 is applied to this S3 based on sets of 5 
variables (Hm0, Tp, Dm, σD and γ). The purpose of this version is to 
quantify the improvement in wave agitation results from a more accu
rate characterization of outer wave climate considering the actual values 
of the aggregated γ and σD when defining the input spectral information 
for all the steps of the methodology (selection, definition of the theo
retical unimodal spectra, statistical reconstruction). 

4.4. S4: Hybrid, combined (unimodal and real-shaped) 

A more detailed variation is developed in S4 starting from the same 
input information as in S2. The same three-parametric time series from 
S2 is used for S4 for as the initial selection of sea states. That is, the same 
500 representative cases selected in S2 are considered here to be 
numerically transferred to the basin. The difference in this strategy is 
that the real-shaped spectra (of those 500 preselected sea states) have 
been used to force the numerical agitation modeling. A rescaling may be 
necessary in order to exactly match the total energy of the numerically- 
generated real-shaped spectra with the aggregated Hm0 values from 3- 
parametric datasets. The interpolation in the statistical reconstruction 
(RBF) is based again on the sets of 3 parameters contained in the his
torical time series. 

This alternative is proposed with the idea of obtaining a better 
estimation of the wave field in the basin since the outer waves consid
ered in forcing the numerical propagations are better (closer to real 
conditions) represented. Moreover, this version compared to S6 allows 
to analyze the uncertainty introduced by performing the selection of 
representative sea states and the subsequent historical reconstruction 
based on an aggregated parametric definition of waves, disregarding the 
spectral multimodality of waves. 

4.5. S5: Hybrid, characteristic theoretical multimodal 

This approach is based on a multimodal theoretical definition (up to 
three parameterized wave systems) of outer spectra throughout the 
entire procedure. From the partitioned real shapes of directional spectra, 
assimilated to typical sea states formed by 2 swells and 1 sea, the his
torical series composed of 3 hourly sets of 5 wave parameters (3 x {Hm0, 

Tp, Dm, σD, γ}) has been used as the input information for all the steps in 
this methodology. Selection of representative sea states has been con
ducted through an adapted to 15-parameter selection algorithm Max
Diss. Directional spectra used to force the wave agitation estimations 
have been defined as a superposition of three theoretical sub-spectra 
(Jonswap-TMA, Wrapped-around Gaussian directional distribution) 
generated from their corresponding spectral preselected parameters. In 
this way, a closer approximation to real waves is sought in order to 
model a more accurate wave agitation response, but without the unfa
vorable cost of saving the full spectral information, decreasing the size of 
the input wave database. 

4.6. S6: Hybrid, real-shaped 

This is the most sophisticated version of hybrid downscaling for 
wave agitation studies where the whole methodology is based on the 
real-shaped representation of wave spectra outside the port. The selec
tion of the 500 representative complete spectra is achieved by means of a 
multivariate statistical downscaling based on the clustering methods 
described in Camus et al. (2011b), adapted to work with full (fre
quency-direction) spectra instead of sets of aggregated wave parameters 
defining the hourly sea states. All the discretized outer spectra 
comprising the 40-year historical series results in a high multidimen
sionality of data (N hourly sea states x M frequency-direction pairs (bins) 
in discretized spectra). Before the application of the selection algorithm 
MaxDiss, an Empirical Orthogonal Function (EOF) analysis is performed 
in order to diminish the high dimensionality of data and the excessive 
computational cost. The original highly dimensional dataset is projected 
in a new dimensionally-reduced space. The new space is defined by 
EOFs, as a linear combination of original vectors, in such a way the 
variation of projected data in that space is maximum (Preisendorfer, 
1988). The corresponding hourly temporal amplitudes for EOFs are 
expressed by Principal Components (PC). The dimensionality is reduced 
by selecting the P components explaining a certain predefined value of 

variance, so that X =
∑M

i=1
ei⋅xi ≈ X′

=
∑P

i=1
EOFi⋅PCi, where P < M. In this 

case, with a 95% of variance maintained, a reduction of dimensionality 
of more than one order of magnitude is achieved. The selection and 
statistical reconstruction techniques are based on these PCs. The 500 
preselected sea states are really-shaped represented by their corre
sponding spectra when forcing the wave agitation modeling. 

This hybrid version compared to the dynamic S1 allows to evaluate 
the uncertainty introduced into wave agitation estimations from hybrid 
approaches with respect to dynamic propagations. The balance between 
the quality of results with respect to the computational time involved for 
both the dynamic and hybrid approaches is quantified (Section 5). Be
sides, the comparison of this strategy with alternative S4, allows to 
measure the inaccuracies on wave agitation due to an initial 3-para
metric (unimodal) representation of outer wave climate used in selec
tion and statistical reconstruction steps. 

4.7. Analysis of forcing spectra definitions and their impact on wave 
agitation response 

The four different approaches adopted to define the forcing spectra 
in the six proposed strategies for wave agitation modeling are analyzed 
in this subsection. Spectral shape definitions and corresponding impact 
on wave agitation predictions are evaluated. 

A comparison of different forcing directional spectra generated with 
each approach for same uni/multimodal sea states is illustrated in Fig. 8. 
The directional spectra in parameter-based strategies (S2, S3 and S5) 
have been reconstructed as TMA spectra with Wrapped-around Gaussian 
directional distributions. In the absence of information, theoretical/ 
assumed values have been considered in S2 for shape and spreading 
parameters (γ =3.3; σD = 20⁰). Characteristic values for those historical 
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aggregated parameters have been calculated in S3, as well as, those for 
separate wave systems in partitioned spectra have been determined in 
S5. Sets of wave parameters used for theoretical reconstructions are 
indicated in Fig. 8. Strategies S1, S4 and S6 use the complete directional 
spectra to force the numerical wave agitation modeling. Hm0, Tp and 
Tm02 values obtained at the 7 control positions by forcing the wave 
agitation model with the spectra from Fig. 8, are presented in Table 2. 

The corresponding in-port spectral agitation maps are shown in Fig. 9, 
where the different wave propagation and agitation patterns are 
visualized. 

For unimodal cases in real-shaped historical time series (case a) in 
Fig. 8), similar estimations of spectral peaks and general spectral shapes 
are observed for theoretically-reconstructed spectra, although with 
narrower distributions both in frequency and direction. Wave energy 

Fig. 8. Sample directional spectra defined as forcing in the wave agitation model for each different approach.  
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concentrations in more limited frequency-direction ranges are appreci
ated in directional spectra built from sets of parameters. As can be seen 
in Fig. 8, the assumed standard values of γ = 3.3 and σD = 20⁰ result in 
excessively peaked spectra for characteristic outer waves in the study 
area. Wider theoretical unimodal spectra are reconstructed from char
acteristic wave parameters. Even so, insufficiently distributed wave 
energy in the highly influent frequency-direction packages for real 
agitation (shorter actual periods coming from NE-ENE directions) results 

in underestimated Hm0 and higher predicted Tp and Tm02 (Table 2). As 
can be seen in (Fig. 8, case a)), this wave energy exists in real-shaped 
directional spectrum, while it disappears in directional spectra based 
on theoretical definitions. Wave energy penetrating towards the eastern 
side of the port basin is observed in the spectral agitation map from real- 
shaped forcing spectrum (Fig. 9, case a)), while it does not exist in the 
other spectral agitation maps from theoretical forcing spectra. This wave 
energy penetrates towards the eastern area of the basin after reflecting 

Fig. 9. Spectral agitation maps (Hm0) obtained for the forcing spectra a) – e) (Fig. 8) in different approaches. SL: Sea Level.  
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on the final part of the exterior Reina Sofia breakwater (about 2.5 km 
distant from the port entrance). The normalized free surface maps ob
tained from propagation with MSPv2.0 model for monochromatic waves 
with periods of 5.1 s and 6.2 s, respectively, coming from ENE direction 
are shown in Fig. 10. The in-port wave agitation caused by wave 
reflection from the Reina Sofia breakwater towards the study port basin 
can be visualized. These far-field effects, caused by the predominant 
waves (Section 3) in the study area, have an important impact on the 
wave agitation response of the basin. An accurate characterization of the 
spectral waves outside the port, in addition to an efficient numerical 
assembly/strategy for wave propagation over the large port area, are 
required for an adequate wave agitation characterization in Africa basin. 

Noticeable inaccuracies in in-port wave agitation prediction (i.e., 
significantly shorter periods, Tp and Tm02 in Table 2) due to this far-field 
wave agitation effects, intensified by the narrower theoretical wave 
energy distribution in triple-peaked spectrum (Fig. 8), are shown in case 
b). Shorter predicted Tp and Tm02 with the characteristic, theoretical, 
multimodal approach in Table 2, demonstrate the aforementioned 
(shorter and NE) influent energy components on wave agitation 
response intensified to the detriment of non-primary longer and north
ern wave components. Wave energy from SE, directly incident to the 
basin, is observed in real-shaped agitation map (Fig. 9, case b)). This SE 
wave energy is not captured by theoretical-based approaches, not even 
with a trimodal definition, due to the dominance of the more energetic 
wave components coming from northern directions. Underestimated 
Hm0 predictions result from this ignored SE wave energy in forcing 
spectra in parameter-based approaches (Fig. 8, case b)). 

Improved results are obtained from multi-peaked definitions of 
forcing spectra in clearly multimodal sea states, such as cases c), d) and 
e) in Fig. 8. In contrast to case b), wave energy coming from SE is rep
resented in theoretical trimodal spectra in cases c), d) and e). Better 
estimations, closer to real in-port wave field, are clearly shown in Fig. 9 
for the trimodal-based approach compared to unimodal ones. Important 
inaccuracies are observed in wave agitation parameters (Table 2) for 
both theoretical unimodal approaches. Overestimation is obtained at 
points D3-D6 because of the wave energy concentration in NE-ENE 

directions with aggregated spectral definitions, penetrating towards the 
central/eastern areas of the basin after reflecting on the Reina Sofia 
breakwater. Additionally, underestimation at point D1 results from 
unimodal forcing spectra disregarding SE wave systems, even when 
these are non-primary wave directions, such as case e). Overestimated 
(in case c)) and underestimated (in cases d) and e)) wave agitation re
sults are obtained for the theoretical trimodal approach, due to narrower 
energy distributions. Wave component from SE is intensified in the 
triple-peaked spectrum for case c), resulting in an overestimated wave 
agitation response in the western area of the basin (points D1 and A7 in 
Table 2). Conversely, underestimated wave agitation response is ob
tained from an insufficient wave energy spreading over the most influent 
energy components in case d). 

As a summary, the estimated wave agitation response is clearly 
determined by the accuracy adopted to define the forcing spectra in 
wave agitation modeling. Limitations in theoretical spectral shapes 
result in deviated wave agitation predictions. 

5. Results and discussion 

The six different strategies presented in the previous section have 
been applied to the Africa basin (Las Palmas Port). The 40-year time 
series of wave agitation (Hm0) at the 7 control points (Fig. 1b) inside the 
port have been generated by following each methodology (S1–S6). In 
this section, their performance is evaluated, analyzing the effect of the 
different approaches adopted for the different steps of the six strategies. 
The accuracy of each strategy for wave agitation characterization has 
been measured by comparing the numerical wave agitation results from 
each downscaling method (S1–S6) with measured data from the field 
campaign. Grouped data at the 7 control positions are used in compar
isons for a clearer interpretation. The main statistical and correlation 
coefficients obtained for each comparison between data series are 
summarized in Table 3. In order to quantify the total uncertainty 
introduced throughout the entire wave downscaling procedure, the 
initial as well as the accuracy level achieved at previous stage are also 
presented. 

Fig. 10. Normalized free surface maps from propagation with MSPv2.0 model for monochromatic waves with periods of a) 5.1 s and b) 6.2 s, both coming from ENE 
direction. Visualization of far-field effects on the in-port wave agitation; wave energy penetrating towards the eastern area of the Africa basin after reflecting on the 
final part of the exterior Reina Sofia breakwater. 
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Fig. 11 allows the visualization of the uncertainty introduced at each 
step of the wave downscaling procedure aggregating Table 3 results. The 
percentage reduction in the bisector correlation coefficient (CORR) from 
each step to the next one is indicated. Similar behaviour is obtained for 
the rest of the evaluation coefficients. The high accuracy achieved for 
wave climate definition outside the port is demonstrated. From high 
initial correlation values (CORR = 0.92, in terms of Hm0 at B0 position) 
for offshore waves, a correlation reduction below 2% is obtained for 
coastal waves in the vicinity of the port (B1 position), after performing 
wave transformation modeling with SWAN model in the first stage of 
wave downscaling. In the second stage of wave downscaling for port 
wave agitation, the highest correlated predictions are obtained with 
strategy S1, with an introduced CORR uncertainty of 9.2% with respect 
to outer/coastal waves. That is, by measuring the total uncertainty 
introduced from initial offshore waves, with S1, a total correlation 
reduction of 11% is obtained throughout the entire dynamic down
scaling process. In terms of R2, a total reduction of 20.8% is obtained, 
while the SI value is 0.24 (Table 3). On the other side, the least accurate 
wave agitation results are observed for strategy S2, with maximum 
CORR reductions of 19.9% and 21.5% with respect to coastal and 
offshore waves, respectively, and SI above 0.42. In summary, the un
certainty in wave agitation prediction is reduced, approximately, by half 
with the most accurate strategy (the dynamic, real-shaped based S1) 
compared to the less one (hybrid, standard theoretical unimodal S2). 
This improvement in wave agitation characterization can be crucial in 
port operability analyses where downtime is quantified based on Hm0 
operational thresholds. Intermediate levels of accuracy, between those 
of S1 and S2, are visualized for the rest of strategies (S3–S6). The 
sequence in descending order of global goodness of fit is the same as 
increasing the accuracy of outer waves definition: S1, S6, S4, S5, S3, S2. 

In Fig. 12, the performance of each strategy (S1–S6) is evaluated 
separately for unimodal and multimodal (two or more wave compo
nents) sea states. The higher accuracy achieved in wave agitation pre
dictions by using more accurate definitions of outer spectra to force the 
wave agitation modeling is demonstrated not only for multimodal but 
also for unimodal sea states. As can be seen, poorer estimations are 
obtained for multimodal (than for unimodal) sea states with all the 
strategies, except for S5. The slightly lower correlations obtained for 
unimodal cases with S5 and S6, compared to S3 and S4, respectively, are 
due to the involvement of null values representing the non-existent wave 
components in multidimensional interpolation processes, in the final 
statistical reconstruction step. 

As a summary from the analysis of the comparison of the predicted 
wave agitation values with an 8-month field campaign, good correlation 
(CORR ≥ 0.726, from Table 3 and Fig. 11) is obtained for all the stra
tegies, improving the agitation estimations as the accuracy in defining 
the forcing spectra increases. Due to the most accurate results presented 
in Table 3, Figs. 11 and 12, numerical results from strategy S1 are 
considered as the baseline of the port agitation in the study area. The 
drawback of this downscaling strategy is the highest computational 
effort required (Table 4) due to the dynamic approach for wave propa
gations. In order to evaluate the performance of each hybrid strategy 
(lower CPU times, Table 4) for practical wave agitation studies based on 
the complete historical statistics of wave agitation, the 40-year series of 
numerical results from strategies S2 to S6 have been compared (Fig. 13) 
with those from the baseline S1. 

The aforementioned inaccuracies due to representing the forcing 
spectra of wave agitation model as single-peaked theoretical spectra are 
appreciable in results from S2 and S3. Outer multimodal wave energy 
limited to unimodal distributions results in over/underestimations of 
wave agitation. Higher goodness of fit is obtained for results for unim
odal sea states, although tending to underestimation due to narrower 
theoretical distributions compared to real-shaped spectra. Slightly 
improved wave agitation results are observed from S3 (compared to S2) 
due to a more accurate characterization of outer waves considering the 
characteristic frequency and directional spreading instead of hypothet
ical values. The higher availability of historical series formed by sets of 
aggregated parameters is the main advantage of these methodologies. 
Another advantage is the low computational effort required (Table 4). 
However, it is not significantly lower (1.6 h, 3%) than CPU time 
demanded by S4 or S5 (assuming the required initial information is 
available), which result in more accurate estimations of historical wave 
agitation response. 

Limitations associated to parameter-based definitions are also 
observed in S5, which uses trimodal theoretical spectra to force the wave 
agitation modeling. Deviated wave agitation predictions are obtained 
due to narrower and more pronounced outer wave energy distributions. 
Additionally, the reconstructed wave agitation values for unimodal and 
bimodal sea states are influenced by numerical results obtained for sea 
states composed of a larger number of wave components. The lack of 
definition of the wave components are involved in the multidimensional 
interpolation reconstruction. Overestimated wave agitation results, 

Fig. 11. Correlation coefficient (CORR) of Hm0 from comparison between 
numerical and measured data at each step of the wave downscaling procedure. 
Performance assessment in terms of correlation coefficient reduction (%) from 
each step to the next one. 

Fig. 12. Correlation coefficient (CORR) from comparison between numerical 
and measured data at each step of the wave downscaling procedure. Perfor
mance assessment in terms of correlation coefficient reduction (%) from each 
step to the next one. Visualization of global (black) and separated by unimodal 
(red) and multimodal (blue) sea states correlation analysis for comparison of 
numerical agitation results with instrumental measurements for each strat
egy (S1–S6). 
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Table 4 
CPU time involved at each step of the different downscaling strategies for wave agitation studies. CPU times correspond to a PC with characteristics: Intel® Core™ i7-8 
700 CPU @ 3.20 GHz, 32 GB RAM; except for 40-year propagations with SWAN, executed by using a High Performance Computing Clusters (HPCC).  

STRATEGY S1. DYNAMIC, 
REAL-SHAPED 
(baseline) 

S2. HYBRID, 
STANDARD 
THEORETICAL 
UNIMODAL 

S3. HYBRID, 
CHARACTERISTIC 
THEORETICAL UNIMODAL 

S4. HYBRID, 
COMBINED 

S5. HYBRID, 
CHARACTERISTIC 
THEORETICAL 
MULTIMODAL 

S6. HYBRID, 
REAL- 
SHAPED 

Historical outer wave 
climate (Hindcast 
series) 

683.7 ha − b − b − b 

1.0 hc 
− b 683.7 ha 

Selection representative 
cases (MaxDiss, MD) 

- 53.0 s 76.5 s 53.0 s 86.9 s EOF: 248.1 s 
MD: 540.3 s 

Monochromatic waves 
propagations 

2 Sea Levels x 
24.1 hd 

2 Sea Levels x 
24.1 hd 

2 Sea Levels x 
24.1 hd 

2 Sea Levels x 
24.1 hd 

2 Sea Levels x 
24.1 hd 

2 Sea Levels x 
24.1 hd 

Spectral agitation maps 
reconstruction 

371.3 h 2 Sea Levels x 
884.2 s 

2 Sea Levels x 
1 308.9 s 

2 Sea Levels x 
2003.2 s 

2 Sea Levels x 
1 319.0 s 

2 Sea Levels x 
1891.0 s 

Historical 
reconstruction (RBF 
interpolat.) 

- 2 Sea Levels x 
99.3 s 

2 Sea Levels x 
118.0 s 

2 Sea Levels x 
99.3 s 

2 Sea Levels x 
242.4 s 

2 Sea Levels x 
702.2 s 

Sea level interpolation - 3.2 s 3.2 s 3.2 s 3.2 s 3.2 s 
Total CPU time 1 103.2 h 48.8 h 49.0 h 50.4 h 49.1 h 733.6 h  

a CPU time involved in generating the 40-year series of hourly directional spectra in this study, with a High Performance Computing Clusters (HPCC). Execution time 
for 1-month run: 26.3 h in coarse mesh (22801 nodes); 21.3 h in fine mesh (21901 nodes). 

b Historical time series of aggregated and partitioned parameters are assumed to be available. 
c Estimated value as a proportion from total CPU time involved in generating the 40-year series. 
d CPU time for coarse mesh (design T = 8 s; 107318 nodes; 210637 elements): 16 s/case; CPU time for fine mesh (design T = 5 s; 647599 nodes; 1288347 elements): 

204.8 s/case. 

Fig. 13. Comparison (scatter plots and statistical parameters) of each hybrid methodology (S2–S6) versus the baseline (dynamic, S1), separating by unimodal and 
multimodal sea states. Visualization of global (black) and separated (red: unimodal cases; blue: multimodal cases) goodness of fit. Hm0 quantile values for 30 non- 
exceedance probability values equi-spaced between 1% and 99.999%, in Gumbel probability paper, are represented by diamond symbols. 
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driven by accentuated eastern waves in theoretical multi-peaked forcing 
spectra (Section 4.7), are observed for both multimodal and unimodal 
sea states. When historical series of parameterized partitioned wave 
systems are available, its low computational cost (similar to S2 and S3 in 
Table 4) while preserving multimodality of waves is an advantage of S5 
to be applied in multimodal wave climates for an improved character
ization of the wave agitation response. 

Higher correlated results with the baseline S1 are achieved for 
strategies S4 and, mainly, S6. Both are based on real-shaped forcing 
spectra. Differences between historical results from S4 and S6 demon
strate the influence on wave agitation of different approaches adopted to 
characterize the outer wave climate at different steps of hybrid meth
odologies, not only in forcing the wave agitation model but also in 
selecting the representative sea states and statistical reconstruction. 
From comparison of goodness of fit for multimodal waves between S4 
and S6 (Fig. 12), a relative increment of 27% in CORR uncertainty is 
introduced in port agitation results due to 3-parametric historical rep
resentation of clearly multimodal outer wave climates in selection/ 
interpolation steps. The clear advantage of S4 over S6 and, mainly, over 
S1 is the high computational time-saving involved (683.2 h, 93.1%; and 
1 052.8 h, 95.4%; respectively, Table 4) when the historical time series 
of outer directional spectra are not available and have to be generated as 
in the first stage of wave downscaling. Moreover, the CPU time 
demanded by S4 is almost the same (50 h, approximately; Table 4) as 
that required by the less accurate parameter-based strategies S2, S3 and 
S5 (Figs. 11, Figs. 12 and 13). Significantly better wave agitation results 
are obtained with a little additional computational cost. 

The results with the highest correlation, highly close to the baseline 
S1 (Fig. 13), are achieved with S6, which uses a real-shaped represen
tation of outer spectra throughout the entire hybrid procedure (selec
tion, forcing and reconstruction). These results evidence the high 
performance of this sophisticated hybrid strategy, with a 33.5% (369.6 
h) reduction in CPU time. The slight deviations of S6 with respect to S1 
may due to two different factors. On the one hand, due to the uncertainty 
introduced by a hybrid approach, with respect to a dynamic one, for 
wave agitation downscaling. On the other hand, due to the percentage of 
variance neglected in the EOF analysis (5% in this work). It should be 
noted that CPU effort increases with higher percentages of explained 
variance. 

6. Conclusions 

Six different wave downscaling strategies for practical port agitation 
assessment have been presented in this paper, applied to a study area 
with a strongly multimodal wave climate in the vicinity of the port 
(81.6% probability of occurrence), where, in addition, the far-field 
agitation effects have an important influence on wave agitation inside 
the basin. 

An accurate real-shaped definition of spectral wave climate outside 
the port has been achieved in a first stage of a dynamic wave down
scaling (from offshore to near-port). In a second stage of wave down
scaling (from outer waves to wave-in-basin), six different strategies have 
been developed based on different existing approaches for: a) wave 
downscaling method and b) definition of multi-annual outer spectral 
wave climate. The performance/accuracy of each different strategy has 
been quantitatively evaluated by comparing the numerical results with 
instrumental data available for an 8-month period. An uncertainty 
reduction, approximately by half, has been obtained from the most ac
curate wave agitation results compared to the least ones. This 
improvement in wave agitation characterization can be crucial in port 
operability analyses where downtime is quantified based on Hm0 oper
ational thresholds. 

Strategy S1, based on a dynamic real-shaped wave agitation down
scaling, has been identified as the baseline for wave agitation charac
terization in the study area. However, the high computational cost (1 
103.2 h) involved in a dynamic propagation of all the outer historical 

waves into the port results excessive/impossible for practical applica
tions. Therefore, the five hybrid methodologies (S2–S6) have been 
subsequently evaluated with respect to the baseline in order to evaluate 
their performance (in terms of accuracy as well as CPU time) for his
torical wave agitation characterization. 

The poorest estimations have been obtained for the parametric 
approach (S2) based on the simplified definition of the outer spectral 
wave climate by means of the classical sets of aggregated parameters 
(Hm0, Tp, Dm). Single-peaked theoretical spectra are not able to 
adequately represent the wave energy distribution of multimodal waves 
when forcing the wave agitation model, resulting in deviated wave 
agitation patterns. Slightly better results are obtained when considering 
the characteristic values of aggregated frequency and directional 
spreading for a 5-parameter (Hm0, Tp, Dm, σD γ) based definition (S3). 
However, since S3 is based on a unimodal approach, inaccuracies (lower 
than in S2) due to not representing multimodality of waves are intro
duced in agitation results. The advantage of these unimodal-based ap
proaches is the greater availability of hindcast database composed of 
aggregated spectral parameters. 

A closer approximation to real-shaped outer spectra has been ach
ieved in S5 by reconstructing the forcing spectra of the wave agitation 
model as a superposition of up to three theoretical sub-spectra defined 
from sets of characteristic parameters of spectral partitions (3 x {Hm0, 
Tp, Dm, σD, γ}). The advantage of this multimodal theoretical definition 
is the higher preservation of the multimodal nature of waves (than 
unimodal definitions) in a more lightly way than containing the com
plete spectral information. The drawback is (as for parameterizations in 
S2 and S3) the assumption of theoretical wave energy distributions, 
producing deviations/concentrations of outer wave energy that result in 
over- or underestimations of wave agitation. 

The high quality results achieved for strategies S4 and S6 demon
strate the importance of forcing the wave agitation model with the real- 
shaped outer spectra, ultimately resulting in improved wave agitation 
results. The lower goodness of fit obtained for multimodal sea states 
with S4, compared to S6, shows the inaccuracies introduced in historical 
wave agitation estimations due to the simpler 3-parametric represen
tation of outer directional spectra in selection/interpolation steps. S4 is 
an interesting strategy to be adopted with a reduced number of real- 
shaped forcing spectra required and the availability of the 3-parametric 
hindcast. In the absence of available long-term series containing the 
real-shaped outer spectra, the clear advantage of S4 over S6 is the high 
CPU time-saving involved (683.2 h, 93.1%). Moreover, the CPU time 
demanded by S4 is the same (50 h, approximately) as that required by 
the aforementioned less accurate parameter-based strategies S2, S3 and 
S5, which makes S4 the most appropriate strategy of these to be fol
lowed, if the required initial information is available. 

Finally, the most correlated results (with the baseline, S1) achieved 
for S6 evidence the high performance of this sophisticated hybrid 
strategy, with the significant computational time-saving involved 
(reduction of 33.5%, 369.6 h) compared to a dynamic methodology. 

To conclude, the reliance of accuracy in wave agitation predictions 
on the approach adopted to define the forcing spectral wave climate in 
numerical agitation modeling has been demonstrated. The improve
ments achieved in characterizing the historical wave agitation response 
in a harbour by increasing the accuracy in offshore/outer spectral wave 
climate characterization has been quantified. This can lead to an 
important uncertainty reduction in harbour design applications. 
Particularly important could become this analysis in port areas with 
wave climates greatly affected by effects of climate change, where im
pacts on in-port wave agitation response can be driven by alterations of 
outer-harbour wave climate conditions. Furthermore, limitations of the 
most commonly followed approaches in the last decades for harbour 
engineering applications, mainly based on unimodal theoretical defini
tions of waves, have been observed in the comparative analysis. Under/ 
overestimated harbour designs may have resulted, especially in multi
modal wave climates, leading to currently existing problems or non- 
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optimized designs. 
In pursuing increased-accuracy port operability/downtime assess

ments, the uncertainty introduced due to the offshore wave climate 
definition in wave agitation modeling is reduced in this work. A more 
accurate (e.g. multidimensional) characterization of in-port wave 
agitation itself could be the next step to, ultimately, refine the pre
dictions of response of moored ships in harbours, which is the final 
determining element of the port operability. 

CRediT authorship contribution statement 

Eva Romano-Moreno: Conceptualization, Methodology, Investiga
tion, Data curation, Resources, Formal analysis, Writing – original draft, 
preparation. Gabriel Diaz-Hernandez: Conceptualization, Methodol
ogy, Investigation, Resources, Supervision, Writing - Critical review. 
Javier L. Lara: Investigation, Supervision, Funding acquisition, Writing 
- Critical review. Antonio Tomás: Methodology, Resources, Writing - 
Critical review. Francisco F. Jaime: Investigation, Data curation, Re
sources, Writing – Critical review. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors would like to thank the Port Authority of Las Palmas for 
their cooperation and the information provided; Puertos del Estado 
(Spanish Ministry of Transport, Mobility and Urban Agenda) for 
providing the instrumental buoy data. 

This work has been supported by a FPU (Formación de Profesorado 
Universitario) grant from the Spanish Ministry of Science, Innovation 
and Universities to the first author (FPU18/03046). 

This work has been also partially funded under the State R&D Pro
gram Oriented to the Challenges of the Society (PID2020-118285RB- 
I00) of the Spanish Ministry of Science, Innovation and Universities. 

References 

Booij, N., Ris, R.C., Holthuijsen, L.H., 1999. A third-generation wave model for coastal 
regions 1. Model description and validation. J. Geophys. Res. Ocean. 104, 
7649–7666. https://doi.org/10.1029/98JC02622. 
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