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ABSTRACT In marine engineering design, the threshold selection is a basic and very important part for the
analysis of measured data and subsequent acquisition of sample data for probability analysis. In this paper,
threshold selection methods are deeply studied from the two perspectives of time domain and frequency
domain, and the obtained calculation results with different thresholds are provided. First, the theory of mean
residual life plot is used to quantify the threshold value of the measured tide levels of Hangzhou Bay. For the
100-year return periods design values calculated in the Gumbel distribution, the results under the threshold
u = 3.9 m shows an increasing of 1.70% over those under the threshold ¥ = 3.75 m; and the results under the
threshold u = 3.75 m shows an increase of 0.97% over those under the threshold # = 3.5 m. The quantitative
selection method of a threshold is simple and practical, and eliminates the tedious process of multiple trials
based on empirical threshold determination. Besides, for the first time, the coherence spectrum threshold is
used to explore the significant correlations of different tide level sequences in the frequency domain. Based
on the threshold selection method used in the WOSA method-based coherence spectrum significance test,
the coherence spectrum thresholds of different tide level in Hangzhou Bay are provided to effectively avoid
the false identification of false peaks. It is suggested by the calculation results that, at the overlapping ratio
of 50%, the segment number of three and the segment length of 16, and the spectral analysis shows that the
extreme tide level of Hangzhou Bay has a vibration period of 21.3 years.

INDEX TERMS Coherence spectrum, return level, threshold.

I. INTRODUCTION

In marine engineering design, reasonably and accurately
determining the design parameters of hydrological elements
is of great significance for disaster prevention and reduction.
Currently, based on Gumbel, Weibull and other probability
distribution models, observed sample sequences have been
used to determine the distribution parameters and predict the
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return levels, and the return level corresponding to a certain
return period is obtained as the design criterion [1], [2]. Every
finally derived return level relies on both the selected prob-
ability model for analysis of the data’s statistical properties
and the required original measured data for calculation of
the undetermined parameters in the probability distribution
function [3], [4]. How to utilize the measured data in a full,
more reasonable and more effective way is the premise for
a probability distribution model-based accurate estimation
of a return level. Although it has only been explored in a
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few studies, it is of high significance and necessity. After
all, how to select the sample is the premise for probability
analysis.

Currently, common sampling methods for calculation of
marine environmental elements mainly include the annual
maxima method, the process sampling method and the peak
over threshold (POT) method. The annual maxima method
is simple and convenient, but it requires long-term data to
guarantee the reasonableness of an estimated value, since
only a maximum value for a year is selected for a sample
sequence [5]-[7]. The process sampling method involves
the sample sequences of synchronous marine environmen-
tal elements at the occurrences of typhoon and hurricane.
The method provides the design parameters to most likely
cause risks under extreme marine conditions according to
the probability model-based calculation of a return level, and
the design parameters are of high engineering significance.
However, due to the limitation of theoretical models and the
difficulty in obtaining synchronous data, the used data in
calculation is not really synchronous data. Therefore, the pro-
cess sampling method remains in a theoretical improvement
stage [8]-[14]. To maximize the quantity of used informa-
tion in measured data, the threshold-value method has been
proposed and developed. The peak over threshold (POT)
method is a sampling method for probability analysis with
the data reaching or exceeding a certain relatively large value
as the sample [15]-[21]. In view of the small number of
observation station in China and the insufficient length of
the observation sequences, POT method has a high practi-
cal value. Mazas [22] believed that the data utilization is
significantly better with the POT method than the annual
extremum sampling method. Luo [23] has studied the thresh-
old value method-based model from unidimensional and
multidimensional aspects, and proposed the advantages of
a super-threshold model in analyzing marine environmental
parameters, and further explored how to select an optimal
threshold. However, the application of the peak over threshold
method has been explored in the above mentioned researches
merely in the time domain.

The key of the peak over threshold method is how to select
a * threshold . Currently, most users determine a threshold
empirically, showing high randomness. Different thresholds
lead to different samples and affect the estimation of distri-
bution parameters, the selection of a probability model and
the determination of a return level, and there will be sev-
eral design criteria whose advantages and disadvantages can
barely be distinguished [24]-[29]. When Wang and Liu [30]
analyzed the wave data of a certain station in the South
China Sea, the samples were selected with 2.0m, 4.0 m, 5.0m
and 6.0 m as the thresholds to calculate the 100-year return
period design wave heights. The minimum and the maximum
predicted values were 8.3 m and 9.8 m respectively, and the
variation is 1.5 m; it is suggested that the impacts of different
thresholds on the results were relatively significant. If the
threshold is excessively high, the size of the over-threshold
data is small, the conclusion is not stable enough, and some
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information data is wasted; if the threshold is excessively low,
the approach fails to meet the theoretical requirements of the
extremum value model. In order to minimize the subjectiv-
ity of the threshold selection, Godes [31] recommended the
application of the mean residual life plot for determination
of a threshold value according to the judge of starting and
ending positions of the straight line segment in the mean
residual life plot. When the impacts of astronomical tides are
analyzed, Yangtze River floods and storm surge elevations
on the flood control of a certain city, Liu et al. [32] used the
over-threshold method for sampling, utilized the mean resid-
ual life plot method to obtain the three-component thresholds
of the astronomical tide, Yangtze River flood and storm surge
elevation, and obtained favorable effects and the literature
work. It can be seen that the application of the mean residual
life plot method for determination of a threshold can avoid the
uncertainty of empirical threshold determination, effectively
improve the practical value of the threshold method, and
effectively increase the information amount of the data for
an available little data to some extent.

Currently, researches considering thresholds for the calcu-
lation of return levels are mostly limited to measured data.
That is, discussion has only been carried out in the time
domain. In fact, hydrological time series can also be ana-
lyzed from the perspective of the frequency domain to further
mine data information. Due to the overlapping randomness
of astronomical tide and storm surge as well as the periodic
variation of gravitational tide and weather system, the time
series of the annual extreme tide level are characterized by
both randomness and periodicity, so the spectral analysis
method can be used to study tide sequences. Commonly,
the used spectral analysis methods are power spectrum and
coherence spectrum methods [33]-[38]. How to accurately
locate the storm surge intensity using quantitative analysis
method based on the existing data, so as to reduce the loss
caused by the storm surge disaster, is a key technical link
for ocean disaster rescuing and evaluating. Spectrum can be
used to analyse the energetic changes within the tide level.
Comparing with other spectral analysis, by use of the method
of coherence spectrum, the relationships between different
tide level samples in the frequency domain can be studied.
The method of power spectrum can be used to show the
powers of vibrations at different frequencies, i.e. the volumes
of energy contributions. In this way, the main vibration and
its corresponding period can be determined from the spec-
tral peak in the spectral curve. Currently, the relationships
between different tide level samples in the frequency domain
have been rarely studied. In-depth exploration on the rela-
tionship between the two can explain marine phenomena in
a more accurate way and analyze the activity characteristics
of extreme tidal levels. The coherence spectrum method is a
powerful tool for analyzing the correlation of two sequences
in the frequency domain. When the coherence spectrum
value is greater than the threshold of the significance test,
the two sequences are believed to be significantly correlated
at this frequency [39]-[42]. In practical applications, the core
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problem is how to determine a proper threshold. Empirical
determination of a threshold is usually insufficient in its accu-
racy, and is inclined to cause the false identification of false
peaks and the neglect of true peaks. Gallet and Julien [43]
studied the WOSA method-based quantitative determination
of a coherence spectrum threshold, and has achieved favor-
able results and applied the achievements in multiple fields.

This paper attempts to study a threshold selection method
from both time domain and frequency domain, for the first
time. A threshold selection method based on the mean resid-
ual life plot theory is introduced to determine the threshold
of hydrological sequence quantitatively. This method is used
to determine the threshold value of the measured tidal level
data in Hangzhou Bay, and the sampling uncertainty existing
in the calculation of the designed water level is studied and
compared. Furthermore, in this paper, the characteristics of
tide level activity are analyzed, for the first time, the coher-
ence spectrum; the threshold selection method used in the
WOSA method-based coherence spectrum significance test is
adopted. This method is used to calculate the coherence spec-
trum threshold of different tide sequences in Hangzhou Bay,
the false peak identification can be effectively avoided, so as
to better analyze the correlation of different tide sequences
and further analyze the activity characteristics of extreme tide
levels with the power spectrum.

Il. THEORY INTRODUCTION
A. THE MEAN RESIDUAL LIFE PLOT
In the extreme value prediction of marine environmental
conditions, when the continuous observation data is relatively
short, the sample data can be expanded by the POT method,
so as to make full use of the expensive measured data. In order
to overcome artificiality of the threshold selection, schol-
ars have been studying how to select threshold objectively
and quantitatively through mathematical methods. Currently,
the main method to determine the threshold is the judge of
starting and ending positions of the straight line segment
in the mean residual life plot. The method has been further
improved in theory, according to its application and research
in recent years. The method is presented below.

If the expression of generalized extreme value distribu-
tion (GEV) is simplified to G(x), Eq.(1) can be obtained as,

Wx)=14+InG(x) (1)

where, W(x) € (0, 1). The expression of generalized Pareto
distribution (GPD) can be written as,

X\
W(x)=1—[1+g< - )} 2)

The generalized extreme value distribution (GEV) has the
characteristics of maximum stability, that is, the maximum
value distribution of the generalized extreme value distribu-
tion is still the same type of GEV. If the distribution of x,
satisfying x > u, can be expressed by GPD asymptoti-
cally, the Eq.(3) can be obtained from the properties of the
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generalized Pareto distribution.

E(X—u|X>u)==ﬂ+ 5
l-¢& 1-§
where, u is the threshold, E(x — u|x > u) is the expected
value of the data over threshold. Because the expected value
is approximately the average value, the scatter distribution
of the threshold u and the average values of the observed
value over threshold (x — u|x > u), can be made based on
Eq.(3). When the shape parameter £ is stabilized, the plot is
approximately a straight line. Namely, when the horizontal
axis represents threshold u and the vertical axis represents
the average value, the slope and intercept of the line are
&/(1—&)and (0 —&u)/(1 —&), respectively. The trend lines’
flat parts with less volatility can be obtained in the plot and
its corresponding x-coordinate interval can be taken as the
selectable range of the threshold. It is worth noting that if
the threshold value is too small, it will violate the theoretic
demand of the extremum model and lead to a large deviation.
In the mean residual life plot, it is highly subjective to judge
a line as “straight” or “curved”. That is, there is still some
arbitrariness in the selection of threshold. In order to obtain
the representative threshold, the “Criterion for stability of
parameter estimation” can be combined to further determine
the threshold accurately [23]. The main idea of this method
is to seek the stability of parameter estimation by fitting
generalized Pareto distribution in a certain threshold range.
If the data over the initial threshold u( obeys the generalized
Pareto distribution, then the the data over the larger threshold
u also obeys GPD and has the same shape parameter.

u 3)

B. COHERENCE SPECTRUM AND ITS THRESHOLD
ESTIMATION METHOD
The theory of coherence spectrum analysis has been intro-
duced in many literatures. Coherence spectrum (MSC) is
a classical tool to identify the correlation in the frequency
domain between two time series in engineering, oceanogra-
phy and other fields. It commonly estimated by the Welch
method (WOSA), and the method is introduced as follows.
x(t) and y(¢) are two time series of length NV, and each series
is decomposed into ng segments of length L, shifted by a fixed
delay D. The corresponding mathematical expressions can be
obtained as,

xi(t) = x[(i — 1)D + 1]
yi(t) = yli = 1)D + 1] )

where,i=1,2,...,n,t=1,2,...,L,p=1001—D/L)%
corresponds to the overlapping ratio.

Each segment multiplied by a window function w(t), and
the spectra are calculated using Fourier transform. Coherence
spectrum can be expressed as,

ng 2
> F [w)xi(1* F [w(@)yi(0)]
P = ®)
SO IF w11 Y [F [wt)yi0)]]?
i=1

i=1
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Fourier *

where F transform,
conjugation.

The estimated values of coherence spectrum is on the
interval [0, 1]. The value is close to 1, the correlation between
them is stronger in the corresponding frequency component.
In the fact, the estimated values are usually larger than zero,
but it does not mean that series are significantly correlated at
all frequency points. Thus, it is necessary to seek a thresh-
old. If the estimated value exceeds the threshold, significant
correlation can be considered at these frequency points.

Gallet and Julien [43] gave the calculation formula for the
threshold at the significance level «, which was based on

WOSA method:

represents represents

c=1— gl/mea=1 (6)

where,
Ry

D)’
ng n —j
D) =1+2)  ——=p*(D),
=

L-M
> owtw + M)
t=1
L
> wi(D)
t=1
w(t) represents a Hanning window.

The method considers the influence of overlapping ratio
and window function. When the coherence spectrum value
is greater than the threshold of the significance test, the two
sequences are believed to be significantly correlated at this
frequency point. The frequency intervals of significant corre-
lation between the two sequences can be obtained by using
the correlation analysis of the coherence spectrum.

pM) =

Ill. EXAMPLES OF THE APPLICATIONS

IN OCEAN ENGINEERING

A. UNCERTAINTY ANALYSIS OF THE

THRESHOLD SELECTION

Taking the tide level data measured between 1981 to 2006 at
the Zhapu Hydrologic station (30° 42°N, 121° 01’E) in the
Hangzhou Bay as an example, this section discussed how
data samples with different thresholds affects the results of
probability analysis for design parameters. Concrete analysis
is as follows.

The method based on the mean residual life plot theory is
firstly used to determine the threshold. Considering that if
the threshold value is too small, it will violate the theoretic
demand of the extremum model. And thus the region 2-3 in
Fig. 1 is not suitable. In the mean residual life plot (see
Fig. 1), the trend lines’ flat parts have less volatility and its
corresponding x-coordinate interval (3.2, 4.0) can be regarded
as the selectable range of the threshold. In order to select
the most representative threshold, 150 values are uniformly
selected as thresholds within the range of threshold estima-
tion interval [3.2, 4.0], and a series of parameter values are
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FIGURE 1. The mean residual life plot.

obtained by maximum likelihood estimation method. If the
parameter estimation values of the GPD are stable near the
selected threshold, then the threshold can be seen as basically
reasonable.
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FIGURE 2. Parameter estimation of the GPD under different thresholds.

Fig. 2 shows that the parameter estimated values of the
GPD model are approximately stable when the threshold u is
less than 3.74; the parameter estimated values fluctuate appar-
ently when u is greater than 3.74. To ensure the independency
of data, the selected threshold should be as large as possible,
thus, u = 3.74 is selected as the threshold. In order to further
study the influence of different thresholds on the calculated
results, u = 3.5 and u = 3.9 are taken as thresholds,
respectively. Therefore, the observed tide level data is used,
the whole data sample is segmented into 4 groups based
on different standard. Group A26 is a dataset with annual
maximal value, B26 is a dataset where the values are above
the threshold u = 3.74m, C26 and D26 are datasets where the
values are above u = 3.5m and # = 3.9m, respectively. The
time span of the above four groups is all from1981 to 2006.

The scatter plot of measured tide level between 1981 and
2006 is shown in Fig. 3. The circles in the figure represent
all the observation points, and the solid circles represent the
annual maximal tide level. The horizontal line represents the
threshold 3.74m, and the data points beyond the threshold
is above the line. It can be seen that the POT method can
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The real-measured tide level data during 1981 to 2006
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FIGURE 3. Scatter plot of tide level.

make full use of precious measured tide level data, which
is especially significant under the condition that data are
relatively absence.

Fig. 4 to Fig. 7 show diagnostic tests including charts
of probability, quantile, and return level and a density his-
togram. The circles represent data points, and the straight
lines or curves are theoretical curves in different coordinate
systems. The logarithm or histogram of measured data are
taken respectively, and the corresponding theoretical curves
are drawn in the coordinate plane. The results of the corre-
sponding diagnostic tests show that observation data comply
with the theoretical extreme value model, and thus, can be
used as an analysis sample of the extreme value distribution.

As specified in the “Technical Specifications for Harbor
Design”, the Gumbel distribution method is used to make
possibility prediction for probable extreme tide level. This
method is in accord with the characteristics of typhoon and
coastal in China, and easy to be used. But this method is
not very accurate in predicting the return periods of probable
extreme tide level in all regions. The Weibull distribution
is a common frequency distribution curve in hydrological
analysis, which is a great addition to the Gumbel. Therefore,
the two distributions are used for probability analysis of
above four datasets and the predicted results are compared.

TABLE 1. K-S test of the Gumbel distribution.

Data Group A26 B26 C26 D26
Test value Dy 0.1464 | 0.1343 | 0.1028 | 0.1290
Critical value Do(0.05) 0.2591 | 0.2006 | 0.1866 | 0.2275
Comparison Dw<Do | Du<Do | Du<Dy | Dn<Do
Testing results Accept | Accept | Accept | Accept

Table 1 and 2 describe the results of the K-S tests for the
fittings of Gumbel distribution and Weibull distribution on
the tide level series A26, B26, C26 and D26, respectively.
The 95% confidence intervals of estimation of Gumbel dis-
tribution and Weibull distribution of the parameters is shown
in Table 3. The predicted values for 10-, 20-, 50-, 100-, 200-,
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TABLE 2. K-S test of the Weibull distribution.

Data Group A26 B26 C26 D26
Test value Dy 0.1234 | 0.1071 | 0.1708 0.2053
Critical value Do(0.05) 0.2591 | 0.2006 | 0.1866 0.2275
Comparison Dy<Dy | Dw<Do | Dy<Do | Du<Do
Testing results Accept | Accept | Accept | Accept

TABLE 3. Parameter calculation of distribution models.
Gumbel Weibull
Data group | Parameter | Interval estimation | Parameter | Interval estimation

A26 1=4.6705 [4.3787, 4.9622] a=4.6138 [4.3373,4.9079]
0=0.7156 [0.5459, 0.9381] b=6.5676 [4.9462, 8.7205]
B26 1=4.6449 [4.4289, 4.8608] a=4.5950 [4.3955, 4.8036]
0=0.6852 [0.5616, 0.8360] b=7.0939 [5.7923, 8.6879]
26 1=4.5530 [4.3454, 4.7606] a=4.4990 [4.3080, 4.6985]
0=0.7094 [0.5901, 0.8528] b=6.7392 [5.5824, 8.1356]
D26 u=4.7899 | [4.5557,5.0241] | a=4.7451 | [4.5265,4.9743]
0=0.6534 [0.5194, 0.8219] b=7.5966 [6.0180, 9.5893]

500-, and 1000-year return periods calculated using the Gum-
bel and Weibull distributions are shown in Table 4 and 5.

From Table 4 and 5, it can be seen that the design tide
level of the multiyear return period derived from the different
distributions differs a little, even based on the same sample.
Taking the 1000-year return period in the A26 dataset as an
example, the Weibull distribution is 2.30% higher than the
Gumbel distribution’s standard. The tables also show that
the derived design values by the same distribution model
are different when based on the different samples. Different
selected thresholds will produce different samples, which
affects the estimation of distribution parameters and the cal-
culation of return level. The selected threshold is larger,
the corresponding return level will be higher. As shown
in Table 4, for the 100-year return periods design values
calculated in the Gumbel distribution, the results under the
threshold u = 3.9m shows an increase of 1.70% over those
under the threshold u=3.75m; the results under the threshold
u = 3.75m shows an increase of 0.97% over those under the
threshold u = 3.5m. For the 500-year return periods design
values, the similar results can be obtained. These results show
that the calculated design values using the generated sample
by the annual maxima method is close to that calculated
values by POT method. But the predicted values based on
POT method are more stable on the premise of reasonable
threshold selection.

Fig. 8 shows that the relationship between predicted val-
ues and threshold selection. As threshold level increases,
the predicted results increases as well. When the threshold
u = 3.75m, the predicted results are between those in the
thresholds u = 3.5m and ¥ = 3.9m, which indicates that
POT method based on the mean residual life plot theory
is more reasonable, and the selected threshold has certain
representation. All of these results show that if the threshold
value is too small, it will violate the assumptions of the model
and lead to a large deviation. If the threshold value is too high,
only little data will be generated and result in a large variance.
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The method presented in this section gives us a quantitative
method to determine the threshold value, which makes the
POT method more practical.

B. ANALYSIS RESULTS OF COHERENCE SPECTRUM

AND POWER SPECTRUM

The process sampling method breaks the limit that annual
maxima method only takes one extreme value every year,
which reflects the probability characteristics of occurrence

39520

frequency of typhoon- or hurricane-induced extreme sea envi-
ronments, and the long-term distribution law of the ocean
environment elements. Based on process sampling method,
a sample is extracted from the original data, then tide lev-
els of the sample in one year is averaged. The final aver-
age values are denoted as the annual average tide level.
The annual maximal tide level of each year is selected and
denoted as the annual extreme tide level. In this section, two
time series of the annual average tide level and the annual
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extreme tide level that are extracted from the data measured
between 1971 to 2006 at the Zhapu Hydrologic station as
examples, coherence and continuous power spectrum meth-
ods are used to analyze the characteristics of extreme tide
level in Hangzhou Bay. Firstly, we use coherence spectrum
to analyze the correlation between the two different tide level
time series. In order to facilitate the following calculation
and analysis, Table 6 gives the significance thresholds for
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coherence, which are obtained by using Eq. (6) under differ-
ent overlapping rates, segment numbers and segment lengths.

From Fig. 9 to 16, it can be seen that the coherence
spectrum charts and power spectrum charts of correspond-
ing annual extreme tide level are different under different
segment numbers, segment lengths and overlapping rates.
As the power spectrum charts shown, that the main vibration
period of the annual extreme tide level has a peak in the

39521



lEEEACC@SS G. Liu et al.: Study on Threshold Selection Methods in Calculation of Ocean Environmental Design Parameters

TABLE 4. Predicted values for the Gumbel distribution based on different samples.

Design tide level values /m
Sampling method Data group
10a 20a 50a 100a 200a 500a 1000a
Annual maxima method A26 52673 | 5.4557 | 5.6466 | 5.7634 | 5.8637 | 5.9779 | 6.0535
u=3.5 C26 5.1447 | 53313 | 5.5207 | 5.6364 | 5.7358 | 5.8490 | 5.9240
POT u=3.7 B26 52163 | 53966 | 5.5795 | 5.6912 | 5.7873 | 5.8966 | 5.9691
u=3.9 D26 53349 | 5.5068 | 5.6812 | 5.7878 | 5.8794 | 5.9836 | 6.0527

TABLE 5. Predicted values for the Weibull distribution based on different samples.

Design tide level values /m

Sampling method Data group

10a 20a 50a 100a 200a 500a 1000a

Annual maxima method A26 52386 | 5.4527 | 5.6789 | 5.8217 | 5.9473 | 6.0935 | 6.1924
u=3.5 C26 5.0917 | 52945 | 5.5084 | 5.6433 | 5.7620 | 5.9000 | 5.9933

POT u=3.7 B26 5.1683 | 53636 | 5.5693 | 5.6988 | 5.8126 | 5.9447 | 6.0340
u=3.9 D26 52958 | 5.4824 | 5.6784 | 5.8017 | 5.9098 | 6.0352 | 6.1198

6 TABLE 6. Thresholds for the significance test of the coherence spectrum.
5.5 P 25% 50% 75%
E s ne | 3 | 3 | 3| 3| 3| 4] 5|3
5 s Lo| 12 | 12 | 14 | 16 | 18 | 12 | 12 | 12
S
= o N 30 24 28 32 36 30 36 18
,,,,3‘;‘;‘_’;“ extreme values c | 078081081080/ 080 0.67|0.56| 092
33 T w4 | * p: overlapping rate; ns: segment numbers;
3 [ n— u=39 L: segment lengths; N:data sizes;
1 10 100 1000 c. thresholds for the significance test of the coherence spectrum
Rerurn period (year)
(a)
6f S
In the coherence spectrum charts, the solid lines represent
5.5¢ the change curves of the spectrum value with the frequency,
E ol and the dotted line represent the threshold for the significance
Tﬁ test of the coherence spectrum. If the spectrum value is above
45 the dotted line, it indicates that the two sequences are signif-
& o | icantly correlated in this frequency. Through the intersection
7 - a‘i‘;“;‘ extreme values points of the two lines, we can determine the frequency inter-
3.5 o) — val of significant correlation, and draw the frequency interval
R u=3.9 in the corresponding power spectrum charts (indicated by the
’ 10 } 100 1000 dash dot lines in the figures).
Rerum p?g;’d (year) Fig. 9 to 11 show that at the overlapping ratio of 50%

and the segment number of 3, the coherence spectrum and
the corresponding power spectrum’s charts under the segment
length of 14, 16 and 18. The peak value of the high-frequency
part of the power spectrum is within the interval, and the
low frequency and high frequency parts, respectively. The main periods of the high-frequency part are 27.8, 21.3 and
coherence spectrum can intuitively show the relationship 23.8 years, respectively. As the segment length increases,
between two sequences within a certain frequency range. the frequency interval of significant correlation increases as

FIGURE 8. Comparison of the predicted values based on different
samples (a.Gumbel; b.Weibull).
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FIGURE 9. Spectrum analysis: ns=3, L=14, p=50% (a, coherence spectrum; b power spectrum).
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FIGURE 10. Spectrum analysis: ns=3, L=16, p=50% (a, coherence spectrum; b power spectrum).
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FIGURE 11. Spectrum analysis: ns=3, L=18, p=50% (a, coherence spectrum; b power spectrum).

well. The interval under the segment length L=16 shows
an increase of 32.75% over that under L=14; the interval
under the segment length L=18 shows an increasing of
40.2% over that under L=16. When the segment length is

VOLUME 7, 2019

14, there is too little information above the threshold. When
the segment length is 18, too many spectral values exceed
the threshold, and the quality of spectral estimation needs to
be improved. The spectral estimation attains a good effect
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ns =3;L=12; p=50%
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FIGURE 12. Spectrum analysis: ns=3, L=12, p=50% (a, coherence spectrum; b power spectrum).
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FIGURE 13. Spectrum analysis: ns=4, L=12, p=50% (a, coherence spectrum; b power spectrum).

ns =5; L =12; p=50%
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FIGURE 14. Spectrum analysis: ns=5, L=12, p=50% (a, coherence spectrum; b power spectrum).

at the segment length of 16, the corresponding threshold is the corresponding power spectrum’s charts under the segment
representative. number of 3, 4 and 5. As the segment number increases,

Fig. 12 to 14 show that at the overlapping ratio of 50% the thresholds for the significance test of the coherence spec-
and the segment length of 12, the coherence spectrum and trum decrease obviously, and the spectrum shape changes
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FIGURE 15. Spectrum analysis: ns=3, L=12, p=25% (a,coherence spectrum; b power spectrum).
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FIGURE 16. Spectrum analysis: ns=3, L=12, p=75% (a, coherence spectrum; b power spectrum).

as well. When the segment number is 5, the most of the
coherence spectrum values are above threshold. For the power
spectrum, the peaks of the high-frequency part are all within
the intervals, and the corresponding main periods are 23.8,
30.3 and 35.7 years, respectively.

Fig. 15, 12 and 16 show that at the segment number of 3
and the segment length of 12, the coherence spectrum and the
corresponding power spectrum’s charts under the overlapping
ratio of 25%, 50%, 75%, respectively. When the overlapping
ratio is 25% and 75%, the peaks of power spectrum are not
within the interval of correlation frequency, the performance
of the thresholds are not ideal, and the quality of spectrum
estimation needs to be improved. It is suggested by all those
results that, when the spectrum estimation is carried out by
using different segment number, segment length and overlap-
ping ratio in a reasonable range, the two sequences are closely
related. That is, the samples generated based on two sampling
methods imply relatively consistent fluctuation characteris-
tics of tide level time series. Considering that China’s hydro-
logical sequence is generally not long, we take the spectrum
estimation at the segment length of 3, the segment number
of 16 and the overlapping ratio of 50% as the result of better
quality, and the main period of the high-frequency part of the
power spectrum is 21.3 years.

VOLUME 7, 2019

IV. CONCLUSION

In this paper, for the first time, the methods used to determine
the threshold value of measured data in the calculation of
design wave height and design water level are studied from
both time domain and frequency domain. The sensitivity of
data density and data sampling process for the calculation
of environmental design parameters is discussed. In the time
domain, a quantitative theoretical method is introduced to
determine the threshold of hydrological sequence. In the
frequency domain, a estimation method of the significance
threshold for coherence is given to better analyze the spec-
trum. Conclusions obtained from this study are as follows:

(1) Uncertainty of sampling method and threshold selec-
tion exist in data sample’s generation, which leads to the
uncertainty of prediction result of design water level. In order
to reduce the uncertainty, it is necessary to reasonably select
the threshold value of the measured data, so as to obtain the
results of the optimization probability analysis and reduce the
risk of the project in the design stage.

(2) This paper introduces a method of quantitative selection
threshold based on the mean residual life plot. This method
has the sufficient mathematical theory foundation, at the same
time, it is easy to operate and effectively raise the use value
of the POT method.
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(3) In order to explore the energy period distribution of
tide level and predict the development of tide level sequence,
so as to make more reasonable use of the original sequence,
this paper attempts to study the activity characteristics of tide
level in Hangzhou Bay by means of coherence and power
spectrum. In this paper, an estimation method of the signif-
icance threshold for coherence based on WOSA method is
proposed to better analyze the correlation between different
tide sequences. The calculation results show that the tide level
in Hangzhou Bay has a 21.3-year vibration period, and its
formation mechanism remains to be studied. At present, there
are few study on the exploration of extreme tide level through
spectral analysis, and it is worth further research.
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