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Abstract: A joint distribution of significant wave heights (Hs) and peak wave periods (Tp)
in the northwestern South China Sea is created using a conditional distribution model in
this work. An unstructured triangular mesh wave model covering the northwestern South
China Sea is established based on the third-generation spectral wave model SWAN. This
wave model has been extensively validated against field data and was run from 1979 to 2020
to generate long enough one-hourly Hs and Tp. Four probability density functions including
Normal, Lognormal, Gamma and 3P Weibull distributions are adopted to construct the
marginal independent distribution of Hs. The results show that the 3P Weibull distribution
is more suitable in fitting the marginal distribution of Hs compared to the other three
distributions. Three combinations of dependence functions (µ and σ), namely, power3
and exp3, insquare2 and asymdecrease3, and logistics4 and alpha3, are used to create the
Normal and Lognormal distributions for Tp. The estimations of dependence functions and
corresponding fitted Tp demonstrate that the µ and σ using power3 and exp3 perform best
in producing the conditional distribution of Tp. In addition, the environmental contours
derived by an IFORM are used to generate the extreme sea states with return periods of 1,
5, 10, 25, 50 and 100 years.

Keywords: joint distribution; marginal distribution; dependence function; conditional
distribution; environmental contour

1. Introduction
Wave parameters (significant wave height and peak wave periods) observed in coastal

and ocean areas are expected to have a relationship [1]. The existing univariate distribution
methods using Pearson III, Gumbel and Weibull distributions to fit single metocean pa-
rameters have limitations in analyzing the characteristic values of wave parameters. Joint
environmental models are required for the assessment of the relative importance of various
wave parameters and establishment of design load conditions for different limit states [2].
Different approaches for establishing a joint probability distribution (JPD) model exist.

For the short-term joint distribution of wave heights and periods, Longuet-Higgins [3]
proposed a theoretical expression of the JPD between the wave heights and periods based
on the hypothesis of a narrow spectrum. The shape of the joint probability density stated
by Longuet-Higgins in 1975 is symmetric on τ = τmean and indicated by ‘cocked hat’
curves with the wave periods becoming broader at a smaller height. A new asymmetric
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analytic expression [4], which fits better with real wave data, was derived by Longuet-
Higgins for the JPD of wave heights and periods after introducing a new normalized
factor to these parameters. Sun [5] also derived a JPD of wave heights and periods based
on the linear model of sea waves and the ray theory of waves; this expression has the
same merits as those of Longuet-Higgins, but the wave height distribution used is still
Rayleigh’s. Zheng et al. [6] studied the difference between the JPD of the apparent wave
heights and periods and the individual waves and improved the theoretical expression
of the JPD, showing better performance in fitting the field data at large band widths,
particularly. In addition, some other JPDs have been proposed as modifications of Longuet-
Higgins [7,8]. Stansell et al. [7] took into account the idea that small waves are likely to
have shorter periods than large waves and derived a new expression for the joint and
marginal distributions of wave envelope amplitude and local wave period. Zhang et al. [8]
modified the Longuet-Higgins formula by replacing the mean frequency with the peak
frequency of the wave spectrum. James and Panchang [9] conducted a robust assessment
of the available theoretical distribution models utilizing wave measurements around the
UK coast and recommend that the Zhang and Guedes Soares model generally performs
the best.

For the long-term joint distribution of wave height and period, various models have
been established to analyze JPD. The maximum likelihood model [10] and the conditional
modeling approach [11] require all available data from long-series observations of the
environmental variables. The maximum likelihood model uses a Gaussian transformation
of a simultaneous dataset, while the conditional modeling approach is defined as the
product of a marginal independent distribution function and a conditional dependent
distribution function. The predictions of extreme sea states obtained from the maximum
likelihood model and the conditional modeling approach show similar values [12]. On
the other hand, a copula-based model suggested by Salvadori et al. [13] may also be used
to construct joint distribution models, which are based on a marginal distribution and a
copula describing the dependence structure.

Previous studies show that considerable focus has been placed on the application and
comparison of various joint distribution models, among which more achievements are
about wave height than wave period. However, fewer assessments have been conducted on
the dependence functions for conditional modeling approaches, which are very significant
for the performance of joint distribution models. The present study aims to establish a
joint distribution model of significant wave heights (SWHs, Hs) and peak wave periods
(PWPs, Tp) in the northwestern South China Sea (SCS); furthermore, three combinations of
dependence functions will be employed in the conditional distribution functions.

This study is organized as follows: Section 2 introduces the observational data used
to validate the wave model and the details of the wave model configuration and valida-
tion. The typically used univariate distribution methods and combinations of dependence
functions considered here are described in Section 3. In Section 4, the estimations of
four marginal distributions for Hs, three combinations of dependence functions and cor-
responding conditional distributions for Tp are discussed, along with a description of the
environmental contours and extreme sea states. This study is summarized in Section 5.

2. Observational Data and Wave Model Configuration
2.1. Observational Data

The in situ observations used in this study include Hs and Tp, which were measured
by wave rider buoys at stations B1 (115.7◦ E, 19.8◦ N), B2 (114.0◦ E, 17.5◦ N) and B3 (110.9◦

E, 19.2◦ N) between October and December 2019. The water depths of the B1, B2 and B3
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stations are about 1750 m, 3450 m and 40 m, respectively. These observational data are
quality-controlled and used to assess the accuracy of the northwestern SCS wave model.

2.2. Wave Model Configuration

The datasets used to analyze the extreme environmental parameters acting on the
marine structures should cover a long enough time period to ensure the rationality of the
results. It is usually difficult to obtain long-term field observations due to the destruction
caused by humans and nature. Therefore, numerical simulations which were extensively
validated against quality-controlled field data are a good choice of marine environmental
datasets. A wave model based on the third-generation spectral wave model SWAN is
established in this study. The domain of this wave model covers the northwestern SCS
between 105.5◦ E and 120.5◦ E and between 12.6◦ N and 24.0◦ N (Figure 1). The model
bathymetry with a resolution of 0.5′ is based on the General Bathymetric Chart of the
Oceans (GEBCO, https://download.gebco.net/, accessed on 15 June 2024). This wave
model is discretized using unstructured triangular meshes with the horizontal resolution
ranging from 1 km to 20 km. The horizontal resolution near the coastal area is refined in
this wave model.
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Figure 1. Domain and bathymetry of the northwestern SCS wave model. Three pink triangles indicate
positions of in situ observation stations.

The wind force used to drive this wave model is from the European Center for
Medium-Range Weather Forecasts reanalysis (ERA5, https://cds.climate.copernicus.eu/
datasets, accessed on 1 July 2024). ERA5 wind data with a horizontal resolution of 0.25◦

are available at one-hour intervals. The initial condition in this wave model is by default a
JONSWAP spectrum with a cos2(θ) direction distribution centered around the local wind
direction [14]. We assume that there are no waves entering the area and that waves can
leave the area freely. Because the open boundaries are sufficiently far away from the
study area, the computational results are thought to be reliable after extensive validation
against observations.

This northwestern SCS wave model was run from 1979 to 2020 at the National Super-
computer Center to generate sufficiently long-term wave variables. The Hs and Tp at buoys
B1, B2 and B3 are obtained from wave model results and compared to the observational
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data. The simulated long series of Hs and Tp at station CZ are used as the characteristic
wave data of the northwestern SCS to analyze the joint distribution models.

2.3. Wave Model Validation

Figure 2 presents comparisons of the observed and simulated Hs at buoys B1, B2 and
B3 (Figure 1) conducted between October and December 2019. Buoys B1 and B2 are located
in the deep water of the SCS, while buoy B3 is located in the very shallow water of eastern
Hainan Island. Both the observed and simulated Hs values at these three buoy stations
show obvious fluctuation during October and December 2019. The maximum observed
Hs values at buoys B1, B2 and B3 are about 6.5 m, 6.8 m and 2.5 m, respectively. The root
mean square errors (RMSEs) at these three buoy stations are calculated to quantify model
performance. The simulated Hs values have RMSEs of 0.53 m, 0.51 m and 0.38 m at buoys
B1, B2 and B3, respectively. Figure 2 demonstrates that the northwestern SCS wave model
reproduces well the temporal and spatial distribution of Hs at these buoy stations.
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Figure 2. Time series of significant wave heights at B1, B2 and B3 stations derived from observations
and simulations between October and December 2019.

Figure 3 presents time series of the observed and simulated Tp at buoys B1, B2 and
B3 between October and December 2019. The Tp values in the northwestern SCS mainly
range between 6 s and 10 s, with a mean value of about 8.5 s at these three buoy stations.
Figure 3 shows that the simulated Tp values vary similarly with the observations at these
buoy stations.
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3. Method
The long-term joint distribution of sea states in the northwestern SCS is estimated, and

this distribution is used to construct an environmental contour with a return period of 1, 5, 10,
25, 50 and 100 years in this study. The joint distribution of Hs and Tp is established using a
conditional modeling approach. Firstly, the independent univariate distribution of Hs needs
to be created. Then, the dependent univariate distribution of Tp is created and its dependency
on Hs is defined. Lastly, the environmental contours under various return periods are created
using an inverse first-order reliability method (IFORM) [15]. The extreme sea states with a
given return period will be defined according to the environmental contours.

3.1. Univariate Distribution Methods

A number of probability density functions (PDFs) have been proposed to describe the
distributional forms of sea states [16]. Among these, four kinds of univariate distributions,
namely, Normal, Lognormal, Gamma and three-parameter (3P) Weibull distributions, are
commonly used to fit the probability distributions of Hs and Tp [17,18]. Their PDFs are
described as follows:

Normal distribution:

f (x) =
1√

2πσs
exp

{
− [x − µ]2

2σ2
s

}
, x > 0 (1)

Lognormal distribution:

fL(x) =
1√

2πσsx
exp

{
− [log x − µ]2

2σ2
s

}
, x > 0 (2)

where µ and σs are the mean parameter and standard deviation of the corresponding
normal distribution, respectively.

Gamma distribution:

f (x) =
1

λkΓ(k)
x(k−1)exp

(
− x

λ

)
(3)

where λ, k are the scale and shape parameters, respectively.
Three-parameter Weibull distribution:

fw(x) =
β

α

(
x − γ

α

)β−1
exp

[
−
(

x − γ

α

)β
]

, x ≥ γ (4)

where α, β, γ are the scale, shape and location parameters of the three-parameter Weibull
distribution, respectively.

3.2. Dependence Functions

The dependency of the conditional univariate distribution is described with depen-
dence functions for the distribution’s parameters (µ and σ). Six dependence functions [19],
namely, power3, exp3, insquare2, asymdecrease3, logistics4 and alpha3, used in the condi-
tional distribution of Tp, which is dependent on Hs, are described in Table 1.
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Table 1. Dependence functions used in the conditional distribution.

Parametric Scheme Dependence Function

µ-power3 f (x) = a + b ∗ xc

σ-exp3 f (x) = a + b ∗ ec∗x

µ-insquare2 f (x) = ln
[

a + b ∗
√
(x/9.81)

]
σ-asymdecrease3 f (x) = a + b/(1 + c ∗ x)

µ-logistics4 f (x) = a + b/
[
1 + e−1∗|c|∗(x−d)

]
σ-alpha3 f (x) = (a + b ∗ xc)/2.04451/logistics4(x,c1,c2,c3,c4)

3.3. Bivariate Distribution Methods

The bivariate distribution model of Hs and Tp, which is based on the total probability
theorem, has been used previously by Lucas and Guedes Soares (2015) [17] and Huang and
Dong (2020) [20]:

f
(

Hs, Tp
)
= f (Hs)× f

(
Tp

∣∣Hs
)

(5)

where f
(

Hs, Tp
)

is the JPD function of Hs and Tp, f (Hs) is the marginal probability den-
sity function of Hs, and f

(
Tp

∣∣Hs
)

is the conditional probability density function of Tp de-
pendent on Hs. f (Hs) is described using the univariate distribution method introduced
in Section 3.1. The distribution’s parameters in f

(
Tp

∣∣Hs
)

are defined by the dependence
functions in Section 3.2.

4. Results
A 42-year one-hourly sea state dataset has been obtained from the extensively vali-

dated SCS wave model which was run from 1 January 1979 to 31 December 2020. Figure 4
provides a description of Hs and Tp at station CZ. The largest and mean Hs values are
approximately 11.2 m and 1.5 m, and 24% of values are greater than 2 m. The vast majority
of the sea states have Tp values varying between 5 s and 10 s, with the longest Tp being
approximately 14.8 s.
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4.1. Marginal Distributions of Hs

The marginal independent distribution of Hs at station CZ is fitted using four univari-
ate distribution methods including Normal, Lognormal, Gamma and 3P Weibull distribu-
tions. The parameters in these univariate distribution functions can be calculated by the
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least squares method. Figure 5 presents comparisons of the original and fitted values of
Hs at station CZ. For the Normal distribution, the fitted values of Hs match relatively well
between 1.0 m and 2.5 m, though larger and smaller Hs values are underestimated. For
the Lognormal distribution, the fitted values of Hs agree well with the original data for Hs

values smaller than 4.5 m. The Lognormal distribution overpredicts larger Hs values, as
the fitted values are almost twice the original value of 10 m. For the Gamma distribution,
the fitted values are of good quality for smaller Hs values < 5.0 m, while the distribution
overestimates larger Hs values. The 3P Weibull distribution performs better than the other
three univariate distribution methods. The fitted values obtained using the 3P Weibull
distribution agree well with the original data; only Hs values between 6.5 m and 10.5 m
tend to be slightly underestimated. As a result of this comparison, Hs at station CZ is
found to be suitable for the 3P Weibull distribution, which is advocated by Mathiesen and
Bitner-Gregersen [21].
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4.2. Dependence Functions and Conditional Distributions of Tp

In this study, the conditional modeling approach was used to construct a bivariate
distribution as a product of the marginal distribution for Hs and the conditional distribution
for Tp. We used Normal and Lognormal distributions to create the conditional distribution
for Tp, in which the parameters were calculated using the dependence functions described
in Section 3.2.

Figure 6 presents the estimation of dependence functions (µ and σ) in the Normal
distribution of Tp dependent on the 3P Weibull distribution of Hs. The mean parameter µ

and standard deviation σ of the corresponding normal distribution use power3, insquare2,
alpha3 and exp3, asymdecrease3, logistics4, respectively. The power3 and alpha3 functions
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fit the mean parameter µ well, while the insquare2 function shows worse performance.
The exp3, asymdecrease3 and logistics4 functions have a similar ability to fit the standard
deviation σ in dependence functions for Tp. The estimations of σ values show fluctuation
depending on Hs. For the exp3 dependence function, the fitted σ value is 0.91 when Hs is
0 m, and the fitted σ value decreases slightly with the increase in Hs. The asymdecrease3
and logistics4 functions give constant σ values of 0.86 and 0.85, respectively.
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The estimation of the Normal distribution for Tp at station CZ using various depen-
dence functions is conducted by comparing the fitted and original values of Tp (Figure 7).
When µ and σ in Normal distribution use power3, exp3 and alpha3, logistics4 functions,
the Normal distribution underestimates smaller Tp values < 3 s and fits well for other Tp

values. These two Normal distributions perform better than the Normal distribution using
insquare2 for µ and asymdecrease3 for σ, which overestimates most values of Tp < 12 s
and underestimates higher values of Tp > 12 s.

Figure 8 presents the estimation of dependence functions (µ and σ) in the Lognormal
distribution of Tp which is dependent on the 3P Weibull distribution of Hs. The mean
parameter µ uses power3, insquare2 and alpha3 functions, respectively. The standard
deviation σ uses exp3, asymdecrease3 and logistics4 functions, respectively. The estimated
µ values depending on Hs show a parabolic growth pattern. The mean parameter µ is
about 1.4 for the smallest Hs and about 2.5 for an Hs of 8.2 m. The power3, insquare2 and
alpha3 functions have a similar ability to fit µ values, while smaller µ values are better
fitted than larger µ values. The estimated σ values depending on Hs show a parabolic
decrease pattern; σ equals 0.2 for the smallest Hs and about 0.07 for an Hs of 8.2 m. The
exp3 and asymdecrease3 functions give a similar parabolic distribution to the estimated
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σ values and perform better than the logistics4 function. The σ values calculated by the
logistics4 function stay at 0.08 with negligible changes across various Hs values.
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The dependence functions of µ and σ shown in Figure 8 are used to form the condi-
tional distribution of Tp using the Lognormal distribution method at station CZ. The fitted
and original Tp values are compared to assess the performance of the various dependence
functions (Figure 9). The Lognormal distributions using the power3 and insquare2 func-
tions for µ and the exp3 and asymdecrease3 functions for σ perform well in producing Tp

values smaller than 8.0 s, while the fitted Tp values from the Lognormal distribution using
alpha3 and logistics4 are larger than the original values of Tp smaller than 6.0 s. All three
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kinds of Lognormal distribution slightly underestimate Tp values between 8.0 s and 13.0 s
and overestimate Tp values higher than 13.5 s.
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By comprehensively comparing the performances of dependence functions for µ, σ

and Tp, we can conclude that these three kinds of dependence functions show significant
differences in fitting the mean parameter µ and standard deviation σ. The combination of
power3 for µ and exp3 for σ fits better than the other two combinations. The Lognormal
distribution method performs better than the Normal distribution method in calculating Tp.

4.3. Environmental Contours and Extreme Sea States

The joint distributions of Hs and Tp are generated by using the global hierarchical
probabilistic model, which combines the distributions and dependencies of Hs and Tp,
proposed by Haselsteiner et al. [22]. The factorization describes a hierarchy where a
random variable with index i can only depend upon random variables with indices less
than i. The environmental contour method is an effective method to prove efficiency
in approximating the long-term extreme response [23]. These environmental contours
are traditionally obtained by the inverse first-order reliability method (IFORM) [15] after
defining the contour’s exceedance probability (α):

α = tS/tR (6)

where tR is the return period; we chose return periods of 1, 5, 10, 25, 50 and 100 years. tS is
the sea state duration, which is 1 h in this study.

The environmental contours derived by the joint distribution of Hs using the 3P
Weibull distribution and Tp using the Normal distribution at station CZ are shown in
Figure 10. Six levels of return periods are combined and plotted in the figures. The envi-
ronmental contours using the combination of power3 and exp3 as dependence functions
show a similar distribution shape to the original datasets, which are almost enveloped
by the 50-year and 100-year contours. This joint distribution model slightly underesti-
mates Tp values for lower Hs values. The environmental contours derived by the joint
distribution model using insquare2 and asymdecrease3 as dependence functions provide
completely different shapes, which are symmetrically distributed along Tp = 10.5 s. The
data points with a lower Hs and shorter Tp and a higher Hs and longer Tp fall outside all
the environmental contours. By contrast, the joint distribution model using alpha3 and
logistics4 as dependence functions provides similar environmental contours to the first joint
distribution model.
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Figure 10. Environmental contours for joint distribution of Hs using 3P Weibull distribution and
Tp using Normal distribution with various dependence functions. (a): µ-power3 and σ-exp3;
(b): µ-insquare2 and σ-asymdecrease3; (c): µ-alpha3 and σ-logistics4.

Figure 11 presents the environmental contours derived by the joint distribution of Hs

using the 3P Weibull distribution and Tp using the Lognormal distribution at station CZ.
The first joint distribution model using power3 and exp3 in the conditional Lognormal
distribution provides reasonable estimates of the environmental contours. The lower Hs and
longer Tp data points are enveloped inside the environmental contours. The environmental
contours from the second joint distribution model using insquare2 and asymdecrease3
as dependence functions show a similar shape to the above results, except that the range
of Tp values for higher Hs values is slightly narrower than in the previous contours. The
environmental contours from the third joint distribution model using alpha3 and logistics4
as dependence functions show significant differences compared to the first two models,
especially for lower Hs and fringe Tp values, for which the data points fall outside the
environmental contours. In addition, all three types of joint distribution models overpredict
higher Tp values, which is also shown in Figure 9.
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The extreme sea states with given return periods can be calculated depending on
the environmental contours. We obtain extreme Hs values by making tangents to the
environmental contours and take the corresponding Tp values. The extreme sea states at
station CZ with return periods of 1, 5, 10, 25, 50 and 100 years using Normal and Lognormal
conditional distributions for Tp are listed in Tables 2 and 3. All these extreme Hs values
are obtained from the 3P Weibull marginal distribution; therefore, the extreme sea states
show unique Hs values of 7.9, 9.1, 9.8, 10.4, 11.2 and 12.1 m for return periods of 1, 5, 10, 25,
50 and 100 years, respectively. The Tp values corresponding to the extreme Hs values are
12.8, 13.3, 13.6, 13.9, 14.2 and 14.6 s with power3 and exp3 as dependence functions in the
Normal distribution. As reported above, the Tp value corresponding to an extreme Hs value
obtained from the Normal distribution using insquare2 and asymdecrease3 varies between
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10.4 s and 10.6 s. For logistics4 and alpha3, Tp is 0.2 s longer than the corresponding Tp

with power3 and exp3 as dependence functions.

Table 2. Extreme sea states at station CZ with return periods of 1, 5, 10, 25, 50 and 100 years using
Normal conditional distribution for Tp.

Return Period
(Year)

Power3/Exp3 Insquare2/Asymdecrease3 Logistics4/Alpha3

Hs (m) Tp (s) Hs (m) Tp (s) Hs (m) Tp (s)

1 7.9 12.8 7.9 10.4 7.9 12.9
5 9.1 13.3 9.1 10.5 9.1 13.5
10 9.8 13.6 9.8 10.5 9.8 13.8
25 10.4 13.9 10.4 10.6 10.4 14.1
50 11.2 14.2 11.2 10.6 11.2 14.4

100 12.1 14.6 12.1 10.6 12.1 14.8

Table 3. Extreme sea states at station CZ with return periods of 1, 5, 10, 25, 50 and 100 years using
Lognormal conditional distribution for Tp.

Return Period
(Year)

Power3/Exp3 Insquare2/Asymdecrease3 Logistics4/Alpha3

Hs (m) Tp (s) Hs (m) Tp (s) Hs (m) Tp (s)

1 7.9 13.2 7.9 13.3 7.9 13.4
5 9.1 13.9 9.1 14.1 9.1 14.2
10 9.8 14.4 9.8 14.5 9.8 14.6
25 10.4 14.8 10.4 14.9 10.4 15.1
50 11.2 15.3 11.2 15.4 11.2 15.6

100 12.1 15.8 12.1 15.9 12.1 16.1

The Tp corresponding to the extreme Hs derived by the Lognormal distribution is
longer than that derived by the Normal distribution. For the Lognormal distribution using
power3 and exp3, the Tp values are 13.2, 13.9, 14.4, 14.8, 15.3 and 15.8 s for return periods of
1, 5, 10, 25, 50 and 100 years, respectively. When insquare2 and asymdecrease3 or logistics4
and alpha3 are used as dependence functions in the Lognormal distribution, the change in
Tp with power3 and exp3 is smaller than 0.3 s.

5. Conclusions
In this study, the joint distribution of significant wave heights and peak wave periods

in the northwestern SCS was established using a dataset derived from an extensively
validated wave model. To ensure that we had sufficiently long-term datasets to analyze
extreme environmental parameters, an unstructured triangular mesh wave model covering
the northwestern SCS was established based on the third-generation spectral wave model
SWAN. This wave model has been extensively validated against quality-controlled field
data and was run from 1979 to 2020 to generate one-hourly Hs and Tp measurements.

The joint distribution of Hs and Tp was established using a conditional modeling ap-
proach. For comparison, four probability density functions including Normal, Lognormal,
Gamma and 3P Weibull distributions were adopted to construct the marginal independent
distribution of Hs at station CZ. As a result of this estimation between fitted and original
values, the Hs at station CZ is found to be suitable for the 3P Weibull distribution.

The dependence functions of the conditional univariate distribution are key parametric
functions used to define the distribution of Tp. Three combinations of µ and σ, namely,
power3 and exp3, insquare2 and asymdecrease3, and logistics4 and alpha3, were used to
create Normal and Lognormal distributions for Tp. For the Normal distribution, the first
and third combinations perform better than the second combination in fitting the estimated



J. Mar. Sci. Eng. 2025, 13, 570 13 of 14

parametric values and original Tp. For the Lognormal distribution, the assessment of the
fitted model shows that the first combination gives a reasonable description of the pattern
of Tp.

Furthermore, the environmental contours derived by the IFORM were used to generate
extreme sea states with return periods of 1, 5, 10, 25, 50 and 100 years. The results show
that extreme Hs is determined by the 3P Weibull distribution, with return values of 7.9,
9.1, 9.8, 10.4, 11.2 and 12.1 m for return periods of 1, 5, 10, 25, 50 and 100 years. The Tp

corresponding to an extreme Hs varies with the dependence functions, and the Tp values
are 13.2, 13.9, 14.4, 14.8, 15.3 and 15.8 s for µ and σ using power3 and exp3, which is the
most reasonable combination of dependence functions.

The main focus of this study was the most suitable patterns of the marginal distri-
bution of Hs and the dependence functions of the conditional distribution of Tp in the
northwestern SCS. In future work, comparisons of extreme sea states derived from prob-
ability distributions for single metocean parameters and joint distributions need to be
conducted. The applicability of the distributions established in this manuscript need to be
checked using observational datasets for other regions.
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