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Abstract:

The prediction of wave parameters based on measured wind parameters plays a crucial role in
Coastal and Ocean Engineering. This is particularly important in designing coastal and offshore
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July 2024 structures, as there may be limited availability of wave measurement stations. In such cases,
Accepted: wave prediction methods can be used as an alternative to estimate wave characteristics during
February 2025 the design phase of various inshore and offshore structures. This research compares the

prediction of wave characteristics between different semi-empirical methods and the MIKE21-
SW model. For this aim, the measurements of the wave recorder buoy of the Caspian Oil
_ Company are used for wind data as well as wave characteristics. Statistical indices indicate that
Key""ordz-_ i the SPM method is the most applicable method than other Semi-empirical methods for
wave prediction, . predicting the wave characteristics. The error of the semi-empirical method is about twice that
Mike21-SW Model, semi- . . . X .
of the numerical method. There is more correlation between the obtained and measured data in

empirical method, . . ..
wave measurement the numerical method compared to the semi-empirical methods.

coastal engineering

1. Introduction Bishop (1983) predicted the characteristics of waves in Lake
Ontario by using three semi-empirical methods, JONSWAP,
SMB, and Donelan, and introduced the Donelan method as
the most applicable. He used waves with limited wavelength
conditions to evaluate and compare these three methods [1].
Kazeminejad et al. (2003) analyzed the characteristics of the
) waves of the Caspian Sea by comparing the semi-empirical
and time. methods of CEM and SPM with buoy wind statistics located
Also, knowledge of wave parameters is fundamental for in Neka. Their results indicate that the SPM method is more
maritime activities such as marine transportation, offshore applicable for evaluating the Neka waves [2]. Kazeminejad
exploration, and coastal development, and parametric wave et al. (2005) compared the characteristics of the waves

prediction methods are empirical methods. They are  gptained from the fuzzy inference system and the CEM
methods for forecasting wave height (H) and period (T)ata  model with wavelength limitation. The results show that the
specific location, according to wind speed (U), fetch length CEM method overestimates the wave height parameter and
(F), and duration of the storm (t). forecasts the wave period parameter less than the measured
. value [3]. Siregar et al. (2020) valid the wave Forecasting
MSc student, School of Civil Engineering, faculty of engineering, with the Sverdrup, Munk, and Bretschneider (SMB)
University of Tehran _ . _ Methods using the Easywave Algorithm. Their result
Corresponding author, Email: zahrahajebi88.th@gmail.com indicates that the accuracy of forecasting using the
Easywave algorithm is 89.87% and 78.43% for Hs and Ts,
respectively [4]. General Regression Neural Networks were
used by Juliani and Adytia (2020) for forecasting wave
height based on wind information, in a case study in Jakarta

There are many methods to forecast wave parameters based
on wind parameters. Although many complex numerical
methods have been developed to forecast wave parameters
with high accuracy, parametric methods are suitable for
early coastal and offshore structures design, with less cost
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Bay [5]. Asma et al. (2012) used Multiple linear regression
(MLR) and artificial neural network (ANN) models to
describe the significant wave height off Goa, located on the
west Indian coast [6]. Salah (2017) evaluates the prediction
of wave parameters by using P-M, SPM, and CEM methods
on the South Coast of the Mediterranean Sea. Results show
that the P-M method with some modification has more
accuracy in the predictions than other methods [7]. A
computational tool for predicting wind wave characteristics
based on the CEM method is presented by Emrecan (2022).
Based on the results, it can be seen that the best approach is
the storm-based user-defined duration approach, and the
user-defined duration is related to the location's windy
weather. [8]. A hybrid method for predicting multi-step-
ahead wind and wave conditions was presented by Wu et al.
and The proposed method is evaluated by multi-step-ahead
predictions [9]. Choi et al. (2018) developed wind-induced
wave prediction using revisited methods. The suggested
method is assessed by comparing Donelan, SMB, and CEM
methods [10].

Suursaar (2011) calibrated a model for predicting wave
heights by using wind-forcing data from Estonian coastal
meteorological stations. Results show that the long-term
return wave may be impacted by possible inhomogeneities
in the older wind data [11]. Kamranzad et al. (2011) predict
wave height forecasting in Dayyer (the Persian Gulf) by
using an artificial neural network (ANN). The results show
that the accuracy of the forecasting increases if only the wind
parameters are used as model inputs [12]. Abbasi (2022)
investigated the accuracy of the semi-empirical CEM
method in predicting the characteristics of wind-induced
waves in the Strait of Hormuz (SOH). The results show that
the accuracy of the semi-empirical method in predicting the
wave characteristics was in close agreement with the
measured values and the SMB method is suitable for
determining the wave characteristics in this area [13].
Semi-empirical methods usually get more attention to
predict the characteristics of waves due to their simplicity
and economics. By contrast, numerical models involve more
time and money, and it is expected that the accuracy of these
models is higher than semi-empirical methods based on
consumption cost. It should be noted that there are many
similar studies to make time-based predictions using
parametric wave prediction methods, but this study aims to
evaluate and compare the accuracy of semi-empirical and
numerical methods in predicting the characteristics of waves
in the South Caspian region. Also, Iran has about 750
kilometers of coastline in the Caspian Sea. Critical ports
such as Bandar Anzali, Amirabad, Neka, Nowshahr, and
Fereidoun Knar are located there. Lots of finance is
considered for developing and constructing marine
structures in these ports; as a result, accurate prediction of
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the wave characteristics has a vital role in developing ports
in this region.

MIKE21-SW is developed by the Danish Institute of
Hydraulics. The spectral modulus was calculated based on
an unstructured grid. This module calculates the
development, depletion, and transmission of waves
generated by wind and swell waves in offshore and coastal
areas[14]. In 2012, the MIKE 21 SW Model was used to
carry out wave hindcast experiments in the Indian
Ocean[15].Who? studied the Indian southwest coastal waves
with the MIKE21 SW model to understand the influences of
artificial structures such as mudflats and bulwarks on
coastline alterations[16]. The software FLOW-3D can also
be used for modeling wave propagation, as demonstrated by
Heidarian et al. in 2022 and by Khoshkenesh et al. in 2021,
2022, and 2024. They utilized this software for wave
propagation modeling. Additionally, Bonomelli et al. used
the Debra model for this purpose in 2024. Moreover,
knowledge of estimating environmental roughness and
sediment grain size can be employed for wave propagation,
as highlighted by Benetti et al. in 2024.[17-28]

2. Simulation details and method

The Caspian Sea is located between 46.5° to 54° East
longitude and 36.5° to 47° North latitude and is the largest
land-locked body of water in the world.
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Fig. 1: The location of the wave recorder buoy

2.1. Study area

In this research, the measurements of the wave recorder
buoy of the Caspian Oil Company were used for wind data
as well as wave characteristics. Khazar Oil Company
installed this buoy at a depth of more than 800 meters. As
shown in Figure 1, The geographical location of this buoy is
37.8711 degrees North and 51.5137 degrees East. The wind
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and wave data recorded with a time step of 1 hour are
available for December 2006 to February 2007.

2.2. Numerical simulation

The MIKE21-SW module in the MIKE software package is
used to simulate waves.

MIKE21 SW is a spectra-numerical wave forecasting model
that provides relatively accurate estimates of wave
parameters in coastal areas, seas, and oceans
under specific wind, bed, and current conditions. The basis

of the methodology used in the MIKE21-SW model is the
WAM model, and therefore it has its main capabilities. In
the MIKE21 SW model, like most spectral-numerical wave
models, even if nonlinear phenomena dominate, the action
density spectrum (N (o, 8)) is used to describe the waves
instead of the energy density spectrum (E (o, 8)), because
the energy density balance is not maintained in the presence
of currents. The action density is obtained by dividing the
energy density by the relative frequency ( N(o,8) =
E(0,0)/0.). The independent variables are relative
frequency (o) and wave direction (6) (perpendicular to the
wave crest).
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Fig. 2: Gridding and depth measurement file used for
numerical simulation with MIKE21-SW model

In the MIKE21 SW model, computational grid files and
depth measurement information are given to the model
together in one file. The grid used in this model is the
triangular grid defiantly. After sensitization, the most
optimal size and the number of grids are used. Grid size has
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been considered 0.1 to 0.25 degrees in different places.
Meshing and depth measurement used for numerical
simulation is shown in Figure 2.

The roughness coefficients of the bed and the White capping
of the wave have been used to calibrate the model. After
calibration, the model is implemented for the current
measurement period. Figure 2 compares the height and
periodicity of the simulated waves with the measured values
at the deep-water buoy location. According to the figure, the
values of the height and periodicity of the modeled waves
are close to the measured values.

3. Semi-empirical methods

In semi-empirical methods, the height and periodicity of the
wave are calculated based on the wind speed, wavelength,
and duration of the wind. Based on the existing empirical
models, wave growth conditions are usually divided into
three conditions: wavelength limitation, wind duration
limitation, and fully developed conditions. These methods
will be discussed in the following:

3.1.SMB method

In the SMB method, equations (1) calculate wind time
duration in limited fetch conditions [29]. Also, equation
(2) and Equation (3) are used to calculate the height and
periodicity of the wave.

U gF
texp [0.8798 (%) + 1)

Uz

\/0.0161 (n (9"))2 - 036921n (%) + 2.2024]
min

In the mentioned equation, tmin is the duration time in

seconds, U is the wind speed in m/s and F is fetch in meters.

Equation (2) and (3) are used to determine the height and

periodicity of the wave using the SMB method:

U2 F 0.42
Hs = 0283 tanh [0.0125 (%) ] )
2nU F\0-25
Ty = 1.2%% tanh [0.077 (Z_z) ] 3)

while the actual duration of the wind is smaller than the
duration calculated by equation (1), equation (4) is used to
determine the effective length of the wave:

(4)

u? 1.764-0.369—+/0.08442—1.34+6.776
F =—exp
g 1.51

U
A=Int—In (6.59 —)
)

3.2.SPM method

The empirical wave prediction model using JONSWAP
spectra is presented in coastal protection guidelines
(SPM,1984) [30]. In the SPM method, equation (5) is used
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to calculate the time duration of wind in limited fetch

conditions.
2

tmin = 688°4(25)’ ©)

In the above relation, Ua is the wind stress factor in meters
per second and is calculated according to the following
equation:

U, = 0710123 (6)

If the conditions of wave growth are limited by fetch, the
height and periodicity of the waves are calculated from
equations (7) and (8)

F
H, = 0. 0016? (‘Z—) @)
A
0.333
U, [gF
T, = 0.2857?(%) ®)
A

Also, the SPM model offers maximum values for the height
of the index wave during the periodic period of the peak
(spectrum peak). For this purpose, equations (9) and (10) are

being used.
2

U
Hpo = 0.2433 2 9)
g
Us

3.3. CEM method

The CEM method is one of the newest wave forecasting
methods presented in the Coastal Engineering Handbook
[31]. Based on this method, the minimum duration time on
limited fetch is calculated from equation (11). If the actual
time duration is greater than tmin, the height of the index
wave and the peak period could be obtained by equations
(12) and (13).

0.67
tmin = 77.23 m (1)
2 F 0.5
Hyno = 0.0413% (i—z) (12)
. F 0.333
T, = 0.3667%(;’;—3) (13)

In the above equations, u, is the wind shear speed (m/s)
calculated from the following relationship:

U, = Uy0(0.001(1.1 + 0.035U,))"° (14)

Also, the CEM method for calculating the equivalent
wavelength in the condition of wind duration limit has given
the relation (15), and for the condition of fully developed
waves, the relations (16) and (17) have been presented.
Also, equation (15) and equations (16 &17) are presented for
calculating the equivalent fetch for developing and under
developing conditions, respectively.
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t
X =0 00523—(g—) (15)
g *
u?
Hypo = 211.5— (16)
g
U,
Tp = 239.8? (17)

3.4, Bretschneider method

The equation used to obtain the height and periodicity of
waves in this method are as follows [32]:

F h
Fe=05he =23 (18)
P, = tanh(0.53h27%), P, = tanh(0.833h237%) (19)
U2 0.0125F242
Hs = 0.283 P, tanh (P—1) (20)

_ 74l
Tp = 7542P, tanh(

0.077F,?'42)

2

(21)

In the above equations, h is the water depth in meters.

3.5. Wilson method

In 1965, Wilson presented an empirical method for
predicting waves, and this method is used in predicting
waves in the regulations for the design of Japanese ports
[33]. Based on this method, the minimum time required for
governing fetch limit, tmin, is calculated according to the
following equation:

Emin = 435 (Uz)_o'27 (22)

If the actual time duration is greater than tmin (equation (22)),
the wave growth is limited by the fetch length. In this case,
the height and periodicity of the index wave can be obtained
according to the following equations:

Hg = 0.3%(1 - (1 +0.004 (%)0_5)—2) (23)

Ts = 1. 37ﬂ<1 - (1 +0. 008( 2) '33)_5) (24)

If the actual time duration is smaller than the calculated one
by equation (22), the wave growth is limited by the wind
duration time. In this case, the equivalent fetch length is
calculated by replacing the real duration time in equation
(22), and then equations (23) and (24) are calculated.

3.6. Donelan method

Donelan et al. (1985) presented a method for wave
conditions with limited fetch by assuming a frequency close
to the maximum frequency of the spectrum and that the wind
and wave are in the same direction [34]. The following
equations are used to obtain the characteristics of the wave:

0.38
Hg = 0.00366 2 (lgf) (25)

T, = 0'5425(F) o (26)

31



Hajebi et al.

4. Results and discussion

The wind measured by the buoy has been used as the input
wind of the empirical method and numerical model. The
roughness coefficients of the bed and the White capping of
the wave have been used to calibrate the numerical model
[35-38].
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Figure 3 compares the height and periodicity of the
simulated waves with the measured values. The height and
periodicity of the modeled waves are close to the measured
values.
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Fig. 3: Comparison of the time series of the height and periodicity of the measured buoy waves and the simulated values using
the MIKE21-SW numerical model for November and December 2006

Also, the prediction results of wave characteristics using
empirical relationships were evaluated. The comparison of
the time series of wave height predicted by different
practical methods and measured buoy values is shown in
Figure 4 to Figure 9. By comparing these figures, it can be
seen that the SPM method provides a better prediction of the
height and period values of the measured waves.

To better evaluate these methods, statistical parameters that
indicate the accuracy of matching predictions with
measurements have been used. These parameters include
agreement index (la) or efficiency coefficient, dispersion
index (SI), correlation coefficient (CC) or (R), bias index
(BIAS), and root mean square errors (RMSE), which are
defined as follows:

Z(Xzo‘Xm)z
S (1 Xp=Fom |+ Xm—Xml)”

A58 (Xp=Xm)”
SI = w (28)

Xm

ModelSkill=1, =1 —

(27)

32

2(Xp—Xp)(Xm—Xm)

CC=R= = =
)

(29)

BIAS = z%(xp —Xp) (30)

RMSE = /%z(xp — X)) (31)

In the number of data, the predicted value, and the measured
value and the average of the measured and predicted data,
respectively. The results of the calculation of these
parameters for different wave forecasting methods and the
height and periodicity of the waves are presented in Table 1
and Table 2, respectively. As can be seen, based on the
skewness index, all the methods used underestimated the
height and period of the wave. In addition, all the methods
have predicted the peak period with a greater error than the
height of the index wave. By comparing the statistical
parameters of different methods, it can be seen that the SPM
method is somewhat more accurate than other methods in
predicting the height and peak period of the wave. It should
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be noted that the obtained results are consistent with the
results of other researchers [3].
According to Tables 1 and 2, as can be seen, the values
simulated using the MIKE21-SW numerical model
compared to the experimental methods, the accuracy of the
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numerical simulation is much higher than the semi-empirical
methods. The error of these methods in predicting the wave
height is about twice the error of the numerical method
(based on Sl and RMSE indices).
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Fig. 4: Comparison of the time series of the height And periodicity of the measured buoy waves and the values predicted by the
SMB experimental method for November and December 2006
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Table 1: Error indices for different wave forecasting methods and wave height values

SEM SPM CEM Bretschneider Wilson Donelan MIKE21-SW
la 0.17 0.17 0.17 0.17 0.17 0.20 0.08
Sl 0.56 0.51 0.57 0.56 0.57 0.54 0.35
CCorR 0.73 0.74 0.73 0.72 0.73 0.71 0.88
BIAS -0.22 -0.04 -0.24 -0.22 -0.24 -0.17 -0.11
RMSE 0.57 0.52 0.57 0.57 0.57 0.55 0.36

Table 2: Error indices for different wave forecasting methods and wave period values

SMB SPM CEM Bretschneider Wilson Donelan MIKE21-SW
la 0.42 0.42 0.42 0.44 0.48 0.47 0.28
Sl 0.43 0.40 0.46 0.48 0.49 0.42 0.29
CCorR 0.36 0.37 0.34 0.37 0.36 0.35 0.55
BIAS -1.13 -0.95 -1.04 -1.52 -1.91 -1.49 -0.51
RMSE 2.34 212 2.48 2.59 2.64 2.26 1.57

In the ISWM project [39], based on various authoritative
sources, the typical values of each of the above parameters
for evaluating wave height values were presented in Table 3.
Therefore, the value of error indicators for wave height can
be evaluated using the values in this table. Comparing the
results of the error indices presented in Table 1 and the
permissible values given in Table 3 shows that all the error
indices are in the ideal range for numerical simulation and
the normal range for experimental methods. Therefore, the
accuracy of predictions of both suitable techniques and
numerical simulation is perfect.

Table 3: Usual and permissible values of different statistical
parameters for wave height prediction

parameter unit Normal range Ideal range
la - 0.7-0.95 >0.8
Sl percent 0.15-0.35 <0.35
CcC - 0.75-0.90 >0.8
BIAS m 02-05 <0.3
RMSE m 0.1-0.7 <05

5. Conclusions

In this research, the accuracy of semi-empirical and
numerical methods in predicting the characteristics of wind
waves in the South Caspian deep water region has been
studied, evaluated, and compared. The characteristics of the
waves have been calculated using more than 4350 wind data
collected in the wave recorder buoy located in the deep-
water area and using different semi-empirical methods.

36

After that, the values of the height and period of the
predicted waves were compared with the characteristics
recorded by the wave recorder buoy, and the errors of the
semi-empirical methods were determined. Then, numerical
simulation was conducted using wind buoy data and the SW
model of MIKE21 software, and the results of this model
were compared with the results of semi-empirical methods.
The important findings can be summarized as follows:

¢ Based on the BIAS index, Semi-empirical methods predict
the average wave height and periodicity less than the
actual value.

o Overall, Statistical indexes indicate that the SPM method
is the most applicable method for predicting the wave
heights and periods

e The calculated statistical indicators, except the RMSE
index, show that semi-empirical methods can predict the
heights more accurately than the periods.

e Based on statistical indicators, the results of comparing
semi-empirical and numerical methods show that the
error of the semi-empirical method in predicting the
characteristics of waves is about twice of the numerical
method. In contrast, numerical methods were
recommended for predicting wave characteristics. This
should be investigated in future studies.
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