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Abstract—Accurately predicting wave height has a significant
impact on offshore production and marine transportation. Nu-
merical model predictions are the most commonly used wave
height prediction method. But all numerical models are hard to
describe the rules of ocean physics numerical model completely.
Machine learning methods learn the inherent rules of data and
are widely used in various predictions. In this paper, we try
to use machine learning to correct errors in numerical model
predictions. We count wave height numerical model predictions
and observations for one year and find that the residuals of
them are subject to a Gaussian distribution. Therefore, we
propose a method for correcting wave height predictions from the
Simulating Wave Nearshore (SWAN) model based on Gaussian
process regression (GPR). To this end, we use residuals of wave
height observations and the predictions of the SWAN model as
input. We then train a GPR model for correcting the next time
step wave height. Experimental results reveal that the proposed
method predicts the wave height more accurately compared with
the maritime numerical model.

Index Terms—Gaussian process regression, wave height pre-
diction, numerical model, residuals correcting.

I. INTRODUCTION

Maritime disasters like tsunami and storm surges which
are caused by typhoons, temperate cyclones, and undersea
earthquakes threaten offshore activities [1]. Maritime disasters
cause huge loss of life and property to coastal residents. Wave
height is an important feature to monitor the development of
tsunami and storm surge. Therefore, predicting ocean wave
height accurately is essential for marine disaster warning in
advance [2].

The wave height variation process is a highly complex non-
linear stochastic system that is affected by many factors such
as offshore wind field, bottom terrain, and human activities
[3]. Wave height prediction is a hot and difficult issue in
marine science. One prediction method is on the basis of
numerical models which consider wave generation, propaga-
tion, and dissipation. SWAN model [4] is a widely used wave
spectrum model based on energy conservation and is suitable
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for different regions because it considers the offshore physical
processes such as bottom friction and submarine topography.
However, the model is constrained by fixed equations of ocean
dynamics and it is hard to make accurate predictions in a
complex marine environment.

Machine learning is an effective way of learning the internal
rules of data [5]. Therefore, many machine learning methods
have been used for wave height prediction. Mandal et al.
[6] proposed a recurrent neural network with backpropagation
algorithm for wave forecasting. James et al. [7] developed
a multi-layer perceptron (MLP) framework to estimate wave
height and period. The prediction accuracy of MLP framework
is comparable to the SWAN model. However, the training
model of machine learning method is uninterpretable. When
faced with different marine environments, the data adaptation
of machine learning methods is not stronger than the numerical
model methods.
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Fig. 1: Residuals distribution between wave height observa-
tions and SWAN model predictions.
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To address the aforementioned limitations, we develop a
method based on machine learning to correct the predictions
of the SWAN model. Fig. 1 is a histogram of the residuals
between the SWAN model predictions and the wave height
observations. The pink curve represents the normal distribution
curve which fitted by the mean and variance of wave height
residuals. From the histogram and the fitted normal distribution
curve, we notice that the wave height residuals are subject to
a Gaussian distribution. Therefore, GPR [8] is able to predict
wave height residuals. In our work, we train a GPR model
to predict the residuals between the wave height predictions
and the wave height observations for correcting the SWAN
model. Experimental results show that our method improves
the accuracy of the wave height predictions of the SWAN
model effectively.

II. RELATED WORK
A. Simulating Wave Nearshore Model

The SWAN model is a discrete spectral numerical model of
wind and waves in shallow offshore waters [9]. The model is
based on the action balance equation as follows:

8j n Oc, P n Ocy P n Jcy P n OcgP g
ot da ab Oy 20 5

Here P denotes the action density and t denotes time,
a, b denotes the components of the geospatial coordinates .
v and 6 denotes the relative frequency and wave direction.
Cas Cp, Cy and cy are the propagation velocity of the action
density in the a-direction, b-direction, ~y-space, and 6-space,
respectively. The left-hand side of the equation (1) reveals the
kinematic component of the wave. U is the source function
expressed in spectral density. The source function contains
many physical processes such as wave growth by wind, wave-
wave interactions, the dissipation with regard to wave breaking
and wave decay caused by bottom friction or white capping.

We solve the equation (1) by fully implicit finite difference
and obtain the action density P. Then the wave height predic-
tion S is calculated as follows:

S = 4(/ /ﬁ Prydrydf)?. )
0 —T

The SWAN model is an extension of the third generation
wave numerical model and accurately represents the various
physical processes of the wave generation. The model is
suitable for predicting the wave height and period in coastal,
lakes or other offshore areas [10].

(D

B. Gaussian Process Regression

For prediction problems, the training data is most-
ly nonlinear. GPR is an effective method for deal-
ing with nonlinear problems [11]. For N data pairs
{(z1,91), (x2,y2), - , (Tn,Yn)}, We assume that training da-
ta is subject to a Gaussian distribution. When x,,; is given,
n+1 data is also subject to a joint Gaussian distribution.
Therefore, the GPR method gets the value of y,4;. GPR
has a strictly theoretical basis for statistical learning. It has

good adaptability and strong generalization ability to deal with
complex problems such as high dimensions, small samples,
and nonlinearity. Compared with the neural network method,
GPR has fewer parameters and is easier to implement, so it is
widely used in various fields [12] [13].

GPR for time series prediction is mainly divided into two
categories [14]. The first is to use time ¢ as the independent
variable to generate a GPR model. The second is to build
input vectors from time series. The first method requires the
construction of complex kernel functions, and we use a data-
driven method for wave height residual prediction.

III. CORRECTING SWAN MODEL PREDICTIONS VIA GPR

Fig. 2 shows the implementation process of our wave height
correcting method. In this paper, we define O; and S; as
wave height observations and predictions for each time . Oy
are obtained by an offshore buoy and S; are obtained by the
equation (2). The wave height residuals 7, is given as follows:

ry = Oy — Sy 3)

For the residual learning phase, we use a sequential of
N historical residuals x; = [ry, 7441, , "+ nN—1] to predict
the residual r;; . Then, we construct a residual feature
vector X = [r1,9, - ,2¢]%, where T is the transpose
operation. The training model takes the feature vector X
as the input and generates a residual prediction sequential
R=[rni1,"Ne2,- ,Te4en] T as the output. We assume that
the training data is subject to Gaussian distribution which is
formulated as follows:

R=f(X)~N(0,K). 4)
Here K is a covariance matrix formulated as follows:
k(z1,21) k(z1,22) k(z1, )
k?(.TiQ,m]_) k($27.'172) k(l’l,xt)
K = ) ) . . , (5
k(xe, 1)  k(xg, xo) k(xe, xt)

where k(z,z’) denotes a covariance function. In our work, we
choose Gaussian kernel function as a covariance function:

(- w |

57 (6)

k(x,2') = O’JQ: exp {
where 0% denotes maximum allowable covariance. If z = 2/,
then k(z,2’) approaches this maximum. If z is distant from
a’, we have instead k(x,2’) = 0. [ is a parameter that controls
the degree of separation.

In the prediction phase, according to (4), when giving a
residual prediction sequence &, = [I'r— N, "r—N4+1," " ,Tr—1],
we get the joint distribution of training data R and predicting
result which is estimated 7, as follows:

R K KT
Al &) o
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Fig. 2: The framework of correcting wave height residuals by GPR.

where K, = [k(va 1‘1), k(.i?.,-, 132), t 7k(x7'7 -fEt)], K;r =
k(z;,z;). According to the bayes formula, the prediction
equation of GPR is written as follows:

p(r R, X,2.) = N(K,K 'R, K., - K, K 'K, (8)

where K. K 'R is the mean of the prediction equation, i.e.
the residual prediction of GPR. The corrected SWAN model
prediction C is given as follows:

Co =S+ ©)

We put a sequence of N wave height residuals into the
trained GPR model and obtain a predicted wave height residual
for the (N+1)th time step. But the GPR method only corrects
one residual for once prediction. If correcting 3 hours or
more time steps wave height residuals are needed, we add
(N+1)th time step prediction in the sequence and get rid of the
first wave height residual. Then we can obtain the predicted
residual for the (/N+2)th time step. The prediction process
continues until the required time is reached. Finally, we add
the residuals to wave height predictions from the SWAN model
by (9).

IV. EXPERIMENTAL RESULTS

To validate the effectiveness of our proposed model, we test
our method on the predictions from the SWAN model [4] and
the observations which are collected from a buoy in Bohai Sea,
China. The SWAN model predictions and the observations are
lasting for one year. The minimum time step for prediction is
one hour. We compare the performances of our method with
the extreme learning machines(ELM) method [15] and correct
the predictions over a range of three hours, six hours, twelve
hours and twenty-four hours.

TABLE I: Prediction accuracy improvement.

Skill Score Time range for prediction (hour)

p(%) 3h 6h 12h 24h
ELM residual learning | 37.54  58.18 5547 3947

Method
GPR residual learning | 46.20 7554 6458  55.11

We adopt a skill score to evaluate the relative improvement
of our proposed method. The skill score p is defined as

follows:
€q — €Ep

P x 100%, (10)

€aq
where e, is the mean absolute error between SWAN model
predictions and wave height observations. e; is the mean
absolute error between correcting wave height predictions and
wave height observations.

As is illustrated in Fig. 3, both two methods improve the
prediction accuracy of the SWAN model and the GPR residual
learning results are closer to the observations. In addition,
we compute the prediction accuracy improvement of ELM
method and GPR method. The results are given in Table.l.
Table.l shows that the effect of GPR method is better than
ELM method. Furthermore, the predictions of our method are
more stable than ELM method because the weights and biases
which are needed in ELM method are generated randomly.

V. CONCLUSION

In this paper, we develop a wave height correction method
that combines numerical model and machine learning. Accord-
ing to the discovery that the residuals between the SWAN
model predictions and the observations are subject to a
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Fig. 3: Wave height predictions from the SWAN model and two residual correction methods.

Gaussian distribution, we use GPR as a training model to
predict wave height residuals. In contrast to the existing
correcting methods which are based on the statistical property
of historical observations or just learn an end-to-end mapping
between observations and errors. Our method makes full use
of ocean dynamic equations and the laws of data. Compared
with the ELM method, experimental results show that our
method corrects the wave height predictions better. However,
the method we proposed is difficult to capture the abrupt
change of wave height accurately. In the future work, we
will pay more attention to the abrupt changes for wave height
prediction.
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