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Abstract: This study investigates the ability of a new hybrid neuro-fuzzy model by combining the
neuro-fuzzy (ANFIS) approach with the marine predators’ algorithm (MPA) in predicting short-term
(from 1 h ahead to 1 day ahead) significant wave heights. Data from two stations, Cairns and Palm
Beach buoy, were used in assessing the considered methods. The ANFIS-MPA was compared with
two other hybrid methods, ANFIS with genetic algorithm (ANFIS-GA) and ANFIS with particle
swarm optimization (ANFIS-PSO), in predicting significant wave height for multiple lead times
ranging from 1 h to 1 day. The multivariate adaptive regression spline was investigated in deciding
the best input for prediction models. The ANFIS-MPA model generally offered better accuracy than
the other hybrid models in predicting significant wave height in both stations. It improved the
accuracy of ANFIS-PSO and ANFIS-GA by 8.3% and 11.2% in root mean square errors in predicting
a 1 h lead time in the test period.

Keywords: significant wave height; short-term prediction; neuro-fuzzy; marine predators
algorithm; optimization

1. Introduction

Significant wind wave height (SWH) is important for predicting seaquakes, tsunamis,
and tropical cyclones; wave period and wave length is also needed for ships, maritime
structures, and other business [1]. Accurate short-term SWH measurements are essential
for planning protective measures against tsunamis, hydraulic structures, and wave energy
facilities [2,3]. Hourly estimation of SWH is essential for short-term management, such as
power generation [4]. Prediction of ship movements, construction of maritime structures,
dredging operations, and disaster warnings are all examples of marine engineering that
benefit from accurate real-time predictions of SWH characteristics. However, due to natural
waves’ unpredictable and irregular nature, predicting wave power and building wave
power plants is difficult [2]. The height of the waves is affected by environmental factors
and climatic variations [5]. Wind causes waves and is the most important meteorological
factor in determining wave height. The accuracy of weather forecasts is affected by the
non-stationarity and non-linearity of wind and wave properties [6]. In early wave models,
nonlinear interactions and energy dissipation were not adequately accounted for, resulting
in unpredictable wind fields that made predictions difficult [4]. Many wave height predic-
tion methods rely on semi-analytical approaches such as the Pierson–Neumann–James and
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Sverdrup–Munk–Bretschneider methods. However, these cannot provide sufficient infor-
mation about the surface waves [3]. Numerical models are widely used for wave prediction.
However, due to the large amount of data and the complexity of the calculations, they
require high-performance computers and a considerable amount of time [7,8]. Although
numerical models are useful for simulating the interaction between flow and structure,
they may not be practical in critical situations where fast solutions are required [9].

Rahimian et al., 2022 [10] performed atmospheric simulations using weather and
research forecasts (WRF) and compared the results with meteorological observations. Their
results show that using the Mellor–Yamada–Nakanishi–Niino (MYNN) scheme for the
planetary boundary and surface layers had the best performance for stations over water,
while using the Mellor–Yamada–Janjic scheme for the planetary boundary and Eta-like
surface layers had the best performance for stations over land. Lira-Loarca et al. [11] studied
the wave hazard in the Mediterranean Sea using long-term hourly data and an unstructured
grid wave model. Their results show that an SPI of 3 and 5 at the beginning and at the
peak of the storm, respectively, leads to an SPI of 3–5, depending on the characteristics and
socioeconomic importance of the coastal sections. Myslenkov et al. [12] studied the wind
wave height in the Black Sea using different models. They concluded that for an SWH
range of 0 to 3 m, the error does not exceed 0.5 m. However, for a SWH range of 3–4 m, the
error increased significantly to −2 or −3 m. The quality of wave prediction was evaluated
for several storm cases. Raj et al. [13] performed wind wave simulations in the Indian
Ocean. Their results show that all wave simulations have significant errors at low wind
speeds compared to medium and strong winds, regardless of the error in the wind forecast.

Advances in AI have enabled the widespread use of soft computing techniques to
predict SWH. These methods are more efficient and versatile than their linear counterparts
because they can represent nonlinear waves without requiring knowledge of input–output
connections. Soft computing models have developed rapidly and are widely used as
computation time decreases. Several soft computing techniques such as the RBM-DBN
hybrid model, the BMA-MARS/RF/GBRT ensemble approach, the DBN-IF model, the En-
RLMD-RF ensemble method, LSTM and GRU networks, and the CLTS-Net deep neural
network model have been studied and found to be good at predicting significant wave
height. Several methods were used to predict the SWH. The Restricted Boltzmann Machine
(RBM) and the conventional Deep Belief Network (DBN) model were used in a hybrid
form by Zhang and Dai [14] to predict the SWH on an hourly basis. According to their
results, the hybrid model could predict the short-term maximum wave height with a rel-
ative error of less than 26%. Adnan et al. [15] used a Bayesian Model Averaging (BMA)
ensemble strategy that included multivariate adaptive regression splines (MARS), random
forests (RF), and gradient-boosted regression trees (GBRT). Specifically, they discovered
that the BMA model predicted SWH up to six days in advance with slightly higher ac-
curacy than previous techniques. The short-term wave height prediction was the focus
of Li and Liu’s model [16] DBN-IF, a mixture of the dynamic Bayesian network and in-
formation flow. Their results showed the superior performance of the proposed DBN-IF
model in predicting SWH. Ali et al. [15] proposed an ensemble local mean decomposition
combined with random forest (En- RLMD-RF) to predict the short-term SWH. The results
showed that the En- RLMD-RF model outperformed its benchmarks in prediction accuracy.
Long short-term memory (LSTM) networks and recurrent gating networks (GRU) were
two of the recurrent neural networks (RNN) that Feng et al. [17] investigated to predict
SWH. Their results showed that gating-based LSTM and GRU networks performed better
than conventional RNNs. Recently, a deep neural network model called CLTS-Net was
developed by Li et al. [18] to predict SWH. Their results show that the CLTS-Net can simul-
taneously capture the temporal relationships in the data, which enables accurate prediction
of future large wave heights.

The generalization capability and gradient-based parameter learning of soft comput-
ing algorithms still have limitations despite their superior accuracy in predicting significant
wave height [5,19,20]. Therefore, reliance on a single machine learning approach can
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increase statistical variance and uncertainty due to limited input data for wave param-
eter prediction. To address this problem, the results of several different models can be
combined using a multi-model approach. In this study, the performance of a refined neuro-
fuzzy method was evaluated in conjunction with the algorithm used by marine predators.
Adaptive Neuro-Fuzzy Inference System (ANFIS), ANFIS with genetic algorithm (ANFIS-
GA), and ANFIS with particle swarm optimization were compared with this novel hybrid
machine learning approach (ANFIS-MPA) (ANFIS-PSO). Half-hour time series data and
a prediction method that looks several steps into the future were used for the analysis. This
study is innovative in using the ANFIS-MPA approach to make multi-step predictions for
SWH. Section 2 discusses the use of soft computing models and details the study area and
data collection. Section 3 provides the main results and examines their implications for
extending the newly tested model to additional climatic conditions. Section 4 summarizes
the main results of this paper.

2. Case Study

For this study, two buoy sites were selected for wave monitoring in Queensland,
namely the Cairns buoy and the Palm Beach buoy (Figure 1). The Cairns buoy is located in
southeast Queensland near Cairns with a 12 m monitoring depth at coordinates 16◦43.830′

south latitude and 145◦42.910′ east longitude. In contrast, the Palm Beach buoy is located
in far north Queensland near Sydney with 23 m monitoring depth at coordinates 28◦05.956′

south latitude and 153◦29.073′ east longitude. The Queensland Government Meteorological
Department collects significant wave height data at 30 min intervals. For this study,
significant wave height data were downloaded from the Queensland Government website
(https://www.data.qld.gov.au/dataset, accessed on 7 March 2023) at 30 min intervals for
both buoy locations from 1 January 2022 to 31 December 2022. A brief statistical summary
of the data used is provided in Table 1. This study uses the average hourly data with a split
ratio of 75% training and 25% test to apply models to predict single-level and multi-level
significant wave height (SWH). To predict SWH, only historical data of the SWH variable of
both stations were used as inputs; it is worth noting that both stations were not connected
as one was on the northern side, whereas the other station was on the southeast side of
Queensland, as mentioned above. Data from 1 January 2022 to 30 September 2022 was
adopted as the training dataset, whereas data from 1 October 2022 to 31 December 2022
was adopted as the testing dataset.

Table 1. The statistical parameters of the applied data.

Mean Min. Max Skewness Std. Dev.

Station 1

Whole Dataset 0.4483 0.0840 1.4230 0.5173 0.2066
Training Dataset 0.4632 0.0840 1.4230 0.4570 0.2083
Testing Dataset 0.4118 0.0890 1.1220 0.6722 0.1978

Station 2

Whole Dataset 1.2179 0.2600 4.0640 1.1955 0.5688
Training Dataset 1.2467 0.2600 4.0640 1.1093 0.5725
Testing Dataset 1.1441 0.2680 3.9960 1.4586 0.5524

https://www.data.qld.gov.au/dataset
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Figure 1. Case study area for significant wave height modeling representing Station 1 (Cairns) and
Station 2 (Palms Beach).

3. Methods
3.1. Multivariate Adaptive Regression Splines (MARS)

The Multivariate Adaptive Regression Splines model (MARS) allows for revealing
a hidden nonlinear pattern in a dataset with many variables [21–23]. In this way, obtaining
the estimator defined using a single method is possible, and combining several statistical
methods is unnecessary. The basis of this method is based on functions called basis
functions, which can be expressed for each explanatory variable as follows (Equation (1)):

max{0.x− t} and max{0.t− x} (1)

where t is called a node, and in practice, one of its observations is an explanatory variable.
These functions are spline functions found in the reciprocal pair node t.

The general shape of the MARS model is described by Equation (2):

Ŷ = c0 + ∑M
k=1 ckBk(X) (2)

In this equation, Y is the estimated value of the response variable (here, it is estimated
significant wave height), X is the vector ck of the basis function, and Bk is the explanatory
variables or the equal elements of the Parajets coefficient determined by minimizing the
sum of the squares of the residuals. Each basis function can be a form of a linear spline
function or the product of two or more of them, indicating mutual effects. In the model
MARS, the space of explanatory variables is divided into several separate regions by certain
knots, which gives the greatest reduction of the sum of squared errors [24–26].
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MARS model fitting is performed in two stages. Many basis functions with different
nodes are gradually added to the model in the advanced stage. This process results in
a more complicated model that is more fitting. In the second stage, the regression removal
stage, the basis functions that are less important and influential for the estimation are
removed. Finally, the most accurate model is selected based on the minimum Generalized
Cross Validation (GCV) criterion. GCVk is assumed as the value of GCV for k of the model
in the elimination phase. This quantity is defined by Equation (3):

GCVk =
1
n ∑n

i=1

(
yi − f̂k(xi)

)2

(
1− C(k)

n

)2 (3)

where f̂k is the estimated model in the kth step of the elimination step; C(k) is the number of
model sentences in the step kth + λm, where m represents the number of spline function
nodes in the model; and λ is called the smoothing parameter and is usually chosen between
2 and 4 in practice [27,28].

3.2. Adaptive Neuro-Fuzzy Inference System (ANFIS)

Networks based on an adaptive neuro-fuzzy inference system [29–31] provide a prac-
tical approach to approximate functions. Fuzzy set theory is tailored to automated systems
that efficiently manage complex operations [32,33]. Individual membership values should
be used to map the elements of a fuzzy set to function theory. The components of the fuzzy
theory can have real values anywhere in the range [0, 1]. Fuzzy inference systems (FIS) and
ANFIS models rely heavily on partitioning the available data into training and test sets. The
general structure of ANFIS is shown in Figure 2. In this present study, previous significant
wave heights (SWH) were used as inputs, while the output f is the SWH value at t + 1 (one
hour ahead) to t + 24 (one day ahead). In Figure 2, the p, q, and r refer to the consequent
parameters, while the parameters of the membership functions (e.g., A and B, as seen from
the figure) are called premise parameters. All these parameters were optimized using
GA, PSO, and MPA algorithms, which are briefly explained in the following sections. In
Figure 2, W refers to the membership degree corresponding to each value set of x and y
inputs. In this study, x and y can be assumed as SWHt and SWHt−1.
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3.3. Optimization Algorithms
3.3.1. Genetic Algorithm (GA)

Genetic algorithms (GAs) are machine learning and optimization methods like neural
networks. In genetic programming, the existing blocks are first defined, which include the
input and target variables and their connection function. Then, the appropriate structure of
the model and its coefficients are determined [34–36]. This method includes a correlation
equation between the input and output variables. Therefore, it can automatically select
the appropriate variables of the model and delete unrelated variables that cause input
dimension reduction [37–39]. The selection of appropriate model inputs is one of the
most important issues that should be considered in this method. This issue is even more
important when secondary input data are also used. This is because the presentation of
unrelated input data leads to a decrease in the model’s accuracy and to the creation of
more complicated models, the interpretation of which is associated with more difficulties.
In engineering applications, genetic programming is often used for modeling problems
related to determining the structure of phenomena. The step-by-step process of genetic
programming is as follows:

1. An initial set of composite functions indicating predictive models is considered randomly.
2. Each person in the above population is evaluated with appropriate functions.
3. For each production, the following steps are followed to select a new population:

(a) One of the transitions, mutation, and copy operators is selected.
(b) An appropriate number of individuals from the current community are selected.
(c) The selection operator is used to generate the descendants.
(d) The named descendant enters a new society.
(e) The considered model is evaluated using various adjustments.

4. The third step is repeated until the maximum production is reached.

In this method, no dependent relation is considered at the beginning of the process.
Therefore, it can optimize the structure of the model and its components [40,41].

3.3.2. Particle Swarm Optimization (PSO)

The PSO algorithm was developed by Kennedy and Eberhart [42] and is based on the
activity of swarms of bees searching for flowers to pollinate. A swarm consists of particles,
and each particle represents an answer to an optimization problem. This method starts
with a collection of solutions initially in random locations and moving at random speeds.
Particle swarm optimization (PSO) uses particles moving in hyperspace to find optimal
solutions. Over time, these solutions gain knowledge through their own experiences and
those of their peers. Each atom remembers its highest fitness level in the cloud, which it
calls its pbest. The gbest or global best is the best value ever achieved by a particle in the
population. Each particle in the system rapidly moves to its pbest and gbest positions when
the PSO algorithm is run. For this purpose, the new velocity of each particle is determined
by its distance from the pbest and gbest positions. Then, a new velocity value for that
particle is calculated by randomly weighing the two best velocities, pbest and gbest, to
determine its next place in the following iteration [43–45].

The relative simplicity of the process with only two equations is one of the main
advantages of PSO over many other optimization techniques (i.e., the equation of motion
and the equation for updating the velocity). The actual motion of the particles is deter-
mined via their unique velocity vector, which is used in the first equation. Conversely,
the second determines how the velocity vector must shift to account for the presence of
opposing forces [46,47]. The convergence rate of the PSO algorithm is further improved by
introducing the inertia weight (w) (Figure 3).
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3.3.3. Marine Predators Algorithm (MPA)

The MPA is a meta-heuristic (MH) algorithm based on the hunting techniques of
marine predators. Like the other algorithms of MH, the MPA first explores the search space
and obtains random intervals of initial solutions using a prey search technique. The primary
structure of the algorithm is that the current position determines the future position of
the solution [48,49]. Marine predators use Lévy and Brownian search techniques when
searching for food, switching between the two depending on the availability of potential
meals. In locations with lower prey concentration, predators use the Lévy movement.
Instead, Brownian motion is used [50,51] when numerous potential victims are available.
This study randomly chose initial solutions, updating the positions using Equation (4)
as follows:

KG = 1−

√√√√(R− 1)2 +

(
σc

σ0 − 1
)2

+

(
σc

A
σ0

A
− 1

)2

(4)

y0 = ymin + rand ∗ (ymax − ymin) (5)

where ymax and ymin are the upper and lower bounds of the design variables, respectively, and
rand is also a random vector in the range [1 0]. In the MPA, there are two main matrices, the
best-fit predator matrix (Best/Elite) and the prey matrix (Prey), given in Equations (5) and (6).

Elite =

y1
11 y1

12 . . . y1
1d

y1
21 y1

22 . . . y1
2d

y1
n1 y1

n2 y1
nn

 (6)

where y is a vector of the most appropriate hunters repeated n-times to organize the elite
matrix. n and d refer to the number and dimensions of search factors. Elite is updated
after each iteration of the prey by replacing the better hunters. The matrix is the basis on
which the hunters update their position, and its dimensions are the same as those of the
elite matrix. The prey matrix is expressed as follows:

Prey =

y11 y12 . . . y1d
y21 y22 . . . y2d
yn1 yn2 . . . ynd

 (7)

In y-ij., j-th. is next for i-th. by prey. MPA: During the search, it repeatedly uses
random variables and operators to prevent the algorithm from getting stuck in local
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minimal points [52]. To better understand the MPA method, the structure of the proposed
algorithm is shown in the flowchart in Figure 4.
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3.4. Development of Hybrid ANFIS Methods

To improve the accuracy of ANFIS method in predicting SWH for multiple horizons,
three metaheuristic algorithms, PSO, GA, and MPA, were used to optimize the consequent
(p, q, and r) and premise parameters (membership functions). In this present study, inputs
are SWHt, SWHt−1, and SWHt−2, referring to the SWH at time t, t − 1, and t − 2, where t is
hour and output is SWH at time t + 1 (one hour ahead) to t + 24 (one day ahead). Each input
has Gaussian membership functions, and each membership function has two parameters:
mean and standard deviation. Three metaheuristic algorithms, i.e., PSO, GA, and MPA,
were used for optimizing linear (consequent) and nonlinear (premise) parameters of ANFIS.
The procedure for developing hybrid ANFIS models, including ANFIS-PSO, ANFIS-GA,
and ANFIS-MPA, is depicted in Figure 5.

3.5. Accuracy Assessment

To achieve better prediction of SWH using historical SWH values as input, the primary
goal of this work was to use a novel hybrid neuro-fuzzy approach: ANFIS-MPA. The root
means square error, mean absolute error, and coefficient of determination (R2) were com-
pared with two other hybrid ANFIS techniques, ANFIS-GA and ANFIS-PSO, to evaluate
the results. Data from two sites were used for the applications to ensure that the techniques
worked as intended. There are many ways to display the RMSE, MAE, and R2 statistics,
which are demonstrated as follows [53–56]:

RMSE : Root Mean Square Error =

√
1
N ∑N

i=1 [(SWH0)i − (SWHC)i]
2 (8)

MAE : Mean Absolute Error =
1
N ∑N

i=1

∣∣∣∣(SWH0)i − (SWHC)i

∣∣∣∣ (9)

R2 : Determination Coe f f icient =

 ∑N
t=1
(
SWHo − SWHo

)(
SWHc − SWHc

)√
∑N

t=1 (SWHo − SWHo)
2
(SWHc − SWHc)

2

2

(10)
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where SWHc, SWHo, SWHo, N are calculated, observed, mean significant wave height,
and the number of data, respectively.
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4. Development of Hybrid ANFIS-PSO, ANFIS-GA, and ANFIS-MPA Models

In the final model developed, MARS was used to determine the best input combination,
i.e., the best scenario for predicting SWH is evaluated. Each scenario considers different
lagged SWH values. Then, all input combinations are analyzed for three hybrid ANFIS
models, including ANFIS-PSO, ANFIS-GA, and ANFIS-MPA. Three statistical indices,
including RMSE, MAE, and R2, are used for comparison suggestions.
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5. Results and Discussion

This section compares the results of the MPA-based neuro-fuzzy approach in predict-
ing significant wave heights for multiple horizons from t + 1 (one hour ahead) to t + 24 (one
day ahead) with other hybrid neuro-fuzzy methods.

5.1. Results

In this study, we first apply the MARS method to determine the best input combination.
The goal was to investigate whether this method can be applied to determine the best
scenario for predicting SWH. This was then evaluated via hybrid ANFIS methods for all
input combinations. The training and test results of the method MARS are shown in Table 2
for the first station. As seen from the input combinations, three lagged inputs were used
because inputs beyond this lag did not improve the prediction accuracy, and our goal
was to predict SWH for multiple horizons from t + 1 to t + 24. Table 3 shows that adding
earlier lags slightly improves the accuracy of MARS. Therefore, three delayed inputs were
selected as the best input combination. Then, this combination was used to predict SWH
for other periods. As expected, the model’s accuracy deteriorates as the prediction horizon
increases. The RMSE and MAE decreased from 0.0325 and 0.0232 to 0.1410 and 0.1076, and
R2 increased from 0.9748 to 0.5201 over the test period.

Table 2. Training and test statistics of the models for multiple steps ahead SWH predictions—MARS
for Station 1.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0317 0.0218 0.9728 0.0337 0.0240 0.9706

SWHt, SWHt − 1 0.0312 0.0216 0.9752 0.0327 0.0235 0.9733

SWHt, SWHt − 1, SWHt − 2 0.0310 0.0214 0.9756 0.0325 0.0232 0.9748

t + 2 SWHt, SWHt − 1, SWHt − 2 0.0510 0.0367 0.9358 0.0601 0.0453 0.9171

t + 4 SWHt, SWHt − 1, SWHt − 2 0.0856 0.0637 0.8316 0.0750 0.0538 0.8569

t + 8 SWHt, SWHt − 1, SWHt − 2 0.1190 0.0819 0.7086 0.1078 0.0909 0.6741

t + 12 SWHt, SWHt − 1, SWHt − 2 0.1248 0.0971 0.6053 0.1256 0.0977 0.6084

t + 24 SWHt, SWHt − 1, SWHt − 2 0.1341 0.1036 0.5855 0.1410 0.1076 0.5201

Table 3. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
PSO for Station 1.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0299 0.2110 0.9755 0.0332 0.0238 0.9739

SWHt, SWHt−1 0.0295 0.0203 0.9768 0.0323 0.0230 0.9746

SWHt, SWHt−1, SWHt−2 0.0286 0.0198 0.9791 0.0312 0.0226 0.9753

t + 2 SWHt, SWHt−1, SWHt−2 0.0482 0.0333 0.9421 0.0501 0.0353 0.9406

t + 4 SWHt, SWHt−1, SWHt−2 0.0788 0.0569 0.8560 0.0721 0.0518 0.8684

t + 8 SWHt, SWHt−1, SWHt−2 0.1130 0.0784 0.7427 0.1004 0.0858 0.7055

t + 12 SWHt, SWHt −1, SWHt−2 0.1244 0.0950 0.6054 0.1148 0.0897 0.6464

t + 24 SWHt, SWHt−1, SWHt−2 0.1300 0.1005 0.5961 0.1391 0.1071 0.5422

Tables 3–5 summarize the training and testing results of the hybrid models ANFIS-PSO,
ANFIS-GA, and ANFIS-MPA in predicting the SWH of the first station. The accuracy of the
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implemented methods is consistent, and all three methods provide the best performance for
the third input combination. The model ANFIS-MPA showed the lowest RMSE (0.0277) and
MAE (0.0192) and the highest R2 (0.9831) during the test period; followed by ANFIS-GA with
an RMSE, MAE, and R2 of 0.0302, 0.0216, and 0.9787; and ANFIS-PSO with an RMSE, MAE,
and R2 of 0.0312, 0.0226, and 0.9753. From t + 1 (1 h ahead) to t + 24 (1 day ahead), the accuracy
of ANFIS-MPA decreases significantly; the RMSE, MAE, and R2 range from 0.0277, 0.0192,
and 0.9831 to 0.1344, 0.1019, and 0.5833, respectively. At all forecast horizons, ANFIS-MPA
is superior to the other hybrid methods. The improvement in RMSE of ANFIS-GA and
ANFIS-PSO at the 1 h lead time test period is 11.2% and 8.3%, respectively. In contrast, the
corresponding improvement at one day lead time (t + 24) is 3.38% and 0.59%.

Table 4. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
GA for Station 1.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0287 0.0209 0.9778 0.0326 0.0235 0.9755

SWHt, SWHt−1 0.0284 0.0200 0.9789 0.0306 0.0219 0.9780

SWHt, SWHt−1, SWHt−2 0.0281 0.0196 0.9819 0.0302 0.0216 0.9787

t + 2 SWHt, SWHt−1, SWHt−2 0.0462 0.0312 0.9493 0.0466 0.0318 0.9438

t + 4 SWHt, SWHt−1, SWHt−2 0.0777 0.0558 0.8607 0.0698 0.0496 0.8783

t + 8 SWHt, SWHt−1, SWHt−2 0.1104 0.0751 0.7549 0.0986 0.0834 0.7188

t + 12 SWHt, SWHt−1, SWHt−2 0.1132 0.0856 0.6675 0.1143 0.0895 0.6612

t + 24 SWHt, SWHt−1, SWHt−2 0.1267 0.0978 0.6297 0.1352 0.1022 0.5785

Table 5. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
MPA for Station 1.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0276 0.0202 0.9820 0.0312 0.0224 0.9782

SWHt, SWHt−1 0.0262 0.0199 0.9834 0.0279 0.0198 0.9818

SWHt, SWHt−1, SWHt−2 0.0256 0.0188 0.9848 0.0277 0.0192 0.9831

t + 2 SWHt, SWHt−1, SWHt−2 0.0415 0.0290 0.9603 0.0445 0.0300 0.9495

t + 4 SWHt, SWHt−1, SWHt−2 0.0722 0.0541 0.8911 0.0678 0.0481 0.8831

t + 8 SWHt, SWHt−1, SWHt−2 0.1051 0.0728 0.8035 0.0983 0.0736 0.7544

t + 12 SWHt, SWHt−1, SWHt−2 0.1092 0.0829 0.6766 0.1137 0.0879 0.6718

t + 24 SWHt, SWHt−1, SWHt−2 0.1147 0.0904 0.6480 0.1344 0.1019 0.5833

Table 6 shows the training and test results of the method MARS for the first station.
Again, accuracy for this station decreased slightly when delayed inputs were added.
Accuracy decreased significantly when the prediction horizon was increased from 1 h
to 1 day (t + 24). The RMSE, MAE, and R2 range from 0.1067, 0.0824, and 0.9635 to 0.2928,
0.2029, and 0.7303 in the test period. The best accuracy is obtained by the model with inputs
Hst, Hst-1, and Hst-2 with the lowest RMSE (0.1067) and MAE (0.0824) and the highest R2
(0.9635) in the test period.
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Table 6. Training and test statistics of the models for multiple steps ahead SWH predictions—MARS
for Station 2.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.1136 0.0844 0.9608 0.1180 0.0870 0.9570

SWHt, SWHt−1 0.1070 0.0824 0.9633 0.1138 0.0842 0.9600

SWHt, SWHt−1, SWHt−2 0.1004 0.0808 0.9653 0.1067 0.0824 0.9635

t + 2 SWHt, SWHt−1, SWHt−2 0.1135 0.0893 0.9606 0.1163 0.0846 0.9587

t + 4 SWHt, SWHt−1, SWHt−2 0.1309 0.0995 0.9448 0.1469 0.1038 0.9331

t + 8 SWHt, SWHt−1, SWHt−2 0.1658 0.1277 0.9120 0.1853 0.1238 0.8932

t + 12 SWHt, SWHt−1, SWHt−2 0.1991 0.1502 0.8506 0.2171 0.1465 0.8647

t + 24 SWHt, SWHt−1, SWHt−2 0.2642 0.1935 0.7782 0.2928 0.2029 0.7303

The training and test results of the hybrid ANFIS methods in predicting SWH at
the second station are shown in Tables 7–9. This station also shows consistent accuracy
of the implemented methods with MARS. The best performance is obtained at the third
input combination. Again, ANFIS-MPA outperforms ANFIS-PSO and ANFIS-GA in the
1 h SWH prediction with the lowest RMSE (0.0689) and MAE (0.0475) and the highest
R2 (0.9847) in the test period. The use of ANFIS-MPA improves the RMSE accuracy of
ANFIS-PSO by about 7% in predicting SWH 1 h ahead. Similar to the first station, the
accuracy of the hybrid methods decreases significantly. For example, the RMSE, MAE,
and R2 of ANFIS-MPA range from 0.0689, 0.0475, and 0.9847 to 0.2640, 0.1962, and 0.7735,
respectively, for forecast horizons t + 1 to t + 24. The ANFIS-MPA outperforms the other
hybrid methods at all forecast horizons.

Table 7. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
PSO for Station 2.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0821 0.0564 0.9769 0.0860 0.0584 0.9717

SWHt, SWHt−1 0.0802 0.0542 0.9799 0.0809 0.0545 0.9786

SWHt, SWHt−1, SWHt−2 0.0717 0.0498 0.9815 0.0741 0.0514 0.9823

t + 2 SWHt, SWHt−1, SWHt−2 0.0822 0.0580 0.9782 0.0960 0.0642 0.9713

t + 4 SWHt, SWHt−1, SWHt−2 0.1175 0.0807 0.9554 0.1252 0.0908 0.9515

t + 8 SWHt, SWHt−1, SWHt−2 0.1631 0.1154 0.9152 0.1688 0.1159 0.9048

t + 12 SWHt, SWHt−1, SWHt−2 0.1934 0.1435 0.8782 0.2061 0.1443 0.8724

t + 24 SWHt, SWHt−1, SWHt−2 0.2637 0.1918 0.7816 0.2708 0.2005 0.7461

Table 8. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
GA for Station 2.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0794 0.0540 0.9804 0.0827 0.0568 0.9771

SWHt, SWHt−1 0.0742 0.0509 0.9822 0.0804 0.0541 0.9798

SWHt, SWHt−1, SWHt−2 0.0692 0.0480 0.9845 0.0693 0.0479 0.9835
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Table 8. Cont.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 2 SWHt, SWHt−1, SWHt−2 0.0818 0.0574 0.9784 0.0954 0.0639 0.9716

t + 4 SWHt, SWHt−1, SWHt−2 0.1148 0.0880 0.9577 0.1209 0.0828 0.9524

t + 8 SWHt, SWHt−1, SWHt−2 0.1542 0.1040 0.9255 0.1619 0.1176 0.9178

t + 12 SWHt, SWHt−1, SWHt−2 0.1868 0.1359 0.8835 0.1999 0.1376 0.8792

t + 24 SWHt, SWHt−1, SWHt−2 0.2568 0.1890 0.7828 0.2695 0.1987 0.7681

Table 9. Training and test statistics of the models for multiple steps ahead SWH predictions—ANFIS-
MPA for Station 2.

Time Horizon Input Combination Training Period Test Period

RMSE MAE R2 RMSE MAE R2

t + 1

SWHt 0.0746 0.0510 0.9820 0.0785 0.0537 0.9808

SWHt, SWHt−1 0.0670 0.0438 0.9860 0.0750 0.0523 0.9818

SWHt, SWHt−1, SWHt−2 0.0643 0.0428 0.9871 0.0689 0.0475 0.9847

t + 2 SWHt, SWHt−1, SWHt−2 0.0771 0.0503 0.9815 0.0913 0.0628 0.9731

t + 4 SWHt, SWHt−1, SWHt−2 0.1148 0.0880 0.9577 0.1209 0.0828 0.9524

t + 8 SWHt, SWHt−1, SWHt−2 0.1520 0.1105 0.9374 0.1599 0.1137 0.9218

t + 12 SWHt, SWHt−1, SWHt−2 0.1859 0.1342 0.8890 0.1954 0.1363 0.8833

t + 24 SWHt, SWHt−1, SWHt−2 0.2515 0.1842 0.7925 0.2640 0.1962 0.7735

The hybrid neuro-fuzzy and MARS models for predicting SWH are compared in
Figures 6 and 7 using scatter plots. The MPS-based ANFIS has the least scattered predic-
tions, with the fitting equation closer to the exact line (y = x) and the highest R2 in both
stations. The models with three inputs (best models) are compared using Taylor diagrams
in Figures 8 and 9. This type of graph is very useful for observing the accuracy of the models
based on RMSE, standard deviation, and correlation. The plots show that the MPA-based
ANFIS has the highest correlation and the lowest squared error in predicting the SWH of
both stations. The violin charts in Figures 10 and 11 compare the SWH predictions and
observations distributions. The figures show that the mean, median, and distribution of
the MPA-based ANFIS are more like the observed values. Figure 12 illustrates the average
RMSE and MAE errors of all implemented models in predicting the SWH of both stations.
It is clearly seen from the bar charts that the ANFIS-MPA has fewer RMSE and MAE errors
in the short-term prediction of SWH in both sites.

5.2. Discussion

This study uses a new hybrid neuro-fuzzy method (ANFIS-MPA) to predict SWH
using previous values as input. The results are compared with other hybrid neuro-fuzzy
models. The MPA-based model is observed to outperform the other models in predicting
SWH for multiple horizons from 1 h to 1 day.

The best input combination is investigated using the MARS method. Next, hybrid
ANFIS methods are applied to the same scenarios to see if MARS is suitable for determining
the best input combination in predicting SWH. A similar trend is observed between the
MARS and hybrid ANFIS methods, indicating that the MARS can successfully determine
the best input combination in SWH prediction. The comparison of the two stations shows
that the methods are more successful in predicting SWH at the second station. The main



J. Mar. Sci. Eng. 2023, 11, 1163 14 of 20

reason could be the higher autocorrelation of SWG at the second station. These results are
consistent with the previous literature [48,50].
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It is observed that with the increasing horizon from 1 h to 24 h, the models’ accuracy
highly deteriorates. However, the ANFIS-MPA generally provides superiority in such cases,
which can be useful in monitoring SWH.

Machine learning allows us to find connections between physical parameters that
we do not see or do not know. The formation of waves has a nonlinear and complex
physical mechanism, and SWH is affected by different parameters, including wind speed,
sea surface temperature, water depth, air humidity, and some other weather parameters.
In this present study, only SWH data were used as inputs because of the unavailability of
other influencing parameters.

6. Conclusions

This study examined the performance of a new hybrid neuro-fuzzy model, ANFIS-
MPA, in predicting significant wave height in multiple horizons from 1 h to 1 day. Hourly
data were obtained from two stations, Cairns and Palm Beach buoys, Australia. MARS
as a simple tool was used to determine the best input of significant wave height for
the much more complex hybrid ANFIS methods. This was also justified by employing
hybrid methods for the same input combinations. It was observed that the MARS can be
successfully used for selecting the best input combination in predicting significant wave
height. The results of ANFIS-MPA were compared with those of the hybrid models ANFIS-
PSO and ANFIS-GA. The results showed that the ANFIS-MPA model performed better
than the other hybrid models in predicting significant wave height at both stations. At the
second station, ANFIS-GA and ANFIS-PSO provided better accuracy than ANFIS-MPA for
predicting the significant wave height 1 h ahead, while the latter model outperformed the
ANFIS-GA and ANFIS-PSO for other forecasting horizons involving wave heights 2, 4, 8,
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12, and 24 h ahead. Assessment criteria involving average RMSE and MAE and graphical
inspections such as Taylor and Violin charts revealed that the ANFIS-MPA is superior to
the other models in predicting SWH for multiple horizons. Overall results recommend the
use of ANFIS-MPA in monitoring significant wave height for multiple time horizons, using
only earlier values as inputs.

In this study, we used hourly data from two sites. The results can be generalized if
data from other sites and other data intervals (daily or monthly) are used. The developed
methods can also be compared with other hybrid machine learning methods to evaluate
the accuracy of the implemented methods in predicting significant wave height. In this
study, only previous SVH data were used as inputs, and in future studies, more effective
parameters such as wind speed, sea surface temperature, water depth, and air humidity
can be involved to develop more robust and accurate models in predicting SWH for
multiple horizons.
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