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Abstract: Most of the offshore projects will be impacted by storm surge, especially in the sea area 

where typhoons are frequent, and storm surge disasters are inevitable. The establishment of a 

theoretical distribution model of the number of typhoon occurrences and random waves is of great 

theoretical and practical significance for the study of the number of storm surge impacts and damage 

to marine engineering as well as the safety evaluation of offshore engineering. Based on stochastic 

process theory, this paper discusses the effects of the number of typhoon occurrences and typhoon 

intensity on wave displacement and water level by constructing a compound Poisson process model 

of typhoon frequency and typhoon intensity. The limitations of using typhoon intensity and wave 

height as random variables in the marine environment are improved. The average cumulative damage, 

reliability, and average service life of marine works were analyzed by marine works reliability 

analysis and a compound Poisson process of the number of storm surge impacts on marine works and 

the damage caused to marine works by each impact. The results show that the statistical theoretical 

model and reliability analysis of the storm surge hazard factors based on the stochastic process 

covers the original extreme value statistical distribution model, and can determine the parameters in 

the model according to different thresholds in line with the objective facts, and then deduce the 

design return level, while the deduced return level still has a certain degree of reliability in the case 

of short or missing data. Therefore, the stochastic process-based model of the imputed level of 

design parameters for the marine environment provides a new option for marine engineering design 

and risk management. 
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1. Research background  

Storm surges are one of the more serious hydro-meteorological hazards, accounting for about 94% 

of all marine hazards [1,2]. Storm surges can pose a serious threat to industrial and agricultural 

production, as well as the safety of individual lives and property, especially in coastal areas. 

Typhoons are an important factor in storm surge hazard analysis, and the extremely high-water levels 

and wave heights resulting from their occurrence can cause tremendous damage to the coast of the 

affected sea areas. Strong winds pose a very serious threat to the economic construction of our 

coastal areas, and according to the World Meteorological Organization, the number of people who 

die from typhoons worldwide each year is about 2000–3000, and the average annual economic loss 

due to typhoons in the countries along the western Pacific Ocean is about US$4 billion [3,4]. The 

Marine Early Warning and Monitoring Department of the Ministry of Natural Resources released the 

2019 China Marine Disasters Bulletin, which shows that in 2019, China’s marine disasters were 

dominated by storm surges, waves and red tides, and compared to the average conditions of the past 

10 years (2010–2019), the direct economic losses from marine disasters in 2019 were higher than the 

average (10.016 billion Yuan) [5,6]. The disaster with the heaviest direct economic loss is still the 

storm surge disaster, accounting for 99% of the total direct economic loss. On August the 10th 2019 

at around 01:45, the super typhoon “Lekima” landed for the first time on the coast of Chengnan 

Town, Wenling City, Zhejiang Province. The maximum wind speed near the landing center was 52 m/s, 

and the maximum wind force near the center was grade 16 when it landed [7]. Under the combined 

influence of the storm surge and inshore waves, eight coastal provinces (municipalities directly under 

the central government) from north of Fujian to Liaoning suffered certain losses, with direct 

economic losses totaling to 10.288 billion yuan [8]. Thus, it can be seen that objective statistical 

description of the number and intensity of typhoons and random waves, which are the 

disaster-causing factors of storm surge, and the establishment of theoretical distribution models will 

be of great theoretical and practical significance for storm surge forecasting, early warning, risk 

assessment and safety analysis of marine engineering [9]. 

The development and progress of observation technology has provided researchers with plenty 

of data, and various efficient observation means have been used in ocean observation, such as ocean 

section monitoring, wave-measuring radar, remote sensing aircraft, ocean satellites, meteorological 

satellites and others [10]. While different observation means have been maturely applied to ocean 

observation, the analysis of such much data has also brought great challenges to researchers. The 

development of professional technology in many industries leads to many methods for data 

processing [11,12]. The parameters control by improving the algorithm WMSDE of wavelet basis 

function de- and accelerating convergence to avoid premature convergence by Deng et al. [13–15], 

engineering optimization solution by Xu et al. that based on data characteristics [16–18], and Chen’s 

method of extracting data through equivalence evaluation [19,20], all provide reference for 

processing a variety of abnormal data. Effective processing of abnormal data caused by hurricanes, 

how to make more objective statistical inferences on storm surge causative factors based on both 

temporal and spatial dimensions is necessary to improve the marine disaster monitoring, forecasting 

and warning systems in each country around the world. 
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The spatial two-dimensional numerical models of typhoon and storm surge include the open 

coastal typhoon and storm surge graphic projections, the semi-closed sea typhoon and storm surge 

graphic projections, and the China Sea typhoon and storm surge projections. All these can simulate 

extreme sea conditions according to the climate and coastal hydrographic features of different 

countries [21], considering both the finite amplitude effect and the variation of the Coriolis parameter 

with dimensionality, but the elements of the marine environment corresponding to these models are 

usually based on random variables when the relevant boundary and initial conditions are entered [22,23]. 

Based on the principle of maximum entropy, Wang et al. established a joint distribution function of 

double entropy considering the frequency of typhoon occurrence to calculate the wave height of 

typhoon [24]. It is well known that storm surge leads to dramatic changes in water level and wave 

front displacement, which are stochastic phenomena with strong uncertainty [25,26], and the number 

of typhoon occurrences, water level, and wave front displacement also vary with time, and it is not 

sufficient to consider only the variation of these marine environmental elements in the space of 

values, but also their variation with time. At present, in the analysis of storm surge hazards, wave 

height, water level and typhoon intensity are used as random variables in a probability space, and the 

distribution function and some statistical properties can be inferred according to the different 

observation samples, which is a common analysis method used by many scientists [27]. For example, 

in the estimation of the design wave height and the design water level for a multi-year event, the 

annual extreme value of each year is taken as a random variable, and then the distribution function is 

estimated using the observations of the samples in different years [28]. 

Obviously, the number of occurrence of typhoons, the wave front displacement, wave height 

and water level are all time-dependent and can be described as stochastic processes with time as the 

indicator set. They are a random variable when the time is fixed and a function about time when 

values are determined. Based on the stochastic process theory, Liu and Chen studied the local 

statistical characteristics of typhoon frequency, and proposed a random process model which can 

describe the local occurrences of typhoon in given time domain [29–31]. The theory of stochastic 

process to analyze storm surge disasters has obvious advantages for describing uncertainty 

phenomena, not only the number of typhoons, water level, wave displacement and other changes in 

the value space, but also consider their changes over time, the statistical characteristics will be more 

comprehensive. Extending the current study of storm surge hazards based on random variables to 

stochastic processes would be a major methodological advance in disaster prevention and mitigation. 

In this paper, the theoretical models of the storm surge-causing factors such as the number of 

typhoons, the wave height, and the variation of marine environmental factors over time are presented 

based on stochastic process theory. Based on the measured data of Chaolian Island, the reliability 

analysis of the marine project made easier by the compound Poisson process of the number of storm 

surge impacts and the damage caused to the marine project by each impact, which gives two 

important indicators, the average cumulative damage suffered by the marine project in time and the 

probability of the project failing to reach the danger threshold in cumulative damage in time. 

2. Construction of storm surge causation factor distribution model 

Firstly, it is shown that the waiting time interval distributions of the typhoon Poisson process are 

mutually independent exponential distributions, and the waiting time interval distributions are used 

to derive a maximum likelihood estimate of the Poisson process intensity, which is the basis for 

specific engineering applications of the Poisson process. These serve as the basis for the specific 

application of the Poisson process. Using 𝑁𝑡 and 𝜆 as the number of typhoon occurrences in the 
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time interval(0, 𝑡) and the arrival rate or strength respectively. 𝑁𝑡 is both a counting process and a 

Poisson process [22]. Thus, the typhoon process gives a random number of events in each bounded 

time interval or in each bounded region of a certain space. 

Definition 1 We call the counting process {𝑁𝑡, 𝑡 ≥ 0} that meets the following conditions as a 

Poisson process with the strength of 𝜆: 

（1）𝑃(𝑁0 = 0) = 1;  

（2）It has independent increment, that is, the number of events is independent on any finite number 

of disjoint time intervals; 

（3）Independent increment, that is, the number of occurrences of events that is independent of each 

other in a finite number of mutually disjoint time intervals. For 0 ≤ 𝑠 < 𝑡, 𝑁𝑠,𝑡 = 𝑁𝑡 − 𝑁𝑠is a 

Poisson distribution with the parameter 𝜆(𝑡 − 𝑠): 

𝑃(𝑁𝑠,𝑡 = 𝑛) = [𝜆(𝑡 − 𝑠)]𝑛 𝑒𝑥𝑝(−𝜆(𝑡 − 𝑠)) /𝑛!, 𝑛 = 0,1,2, …   (1) 

Definition 2. Assume 𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1

, {𝑁𝑡, 𝑡 ≥ 0} is a Poisson process. {𝜉𝑛, 𝑛 ≥ 1} is the 

sequence of independent and identically distributed random variables {𝑁𝑡, 𝑡 ≥ 0} is mutually 

independent with {𝜉𝑛, 𝑛 ≥ 1}, then we call {𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1 , 𝑡 ≥ 0} a compound Poisson process. 

Compound Poisson processes are often used for risk control and reliability of ocean engineering. 

𝑁𝑡represents the risk counts during the time 0, 𝑡, {𝜉𝑛, 𝑛 ≥ 1}represents the loss from the risk. 

Theorem 1. If {𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1 , 𝑡 ≥ 0} is the compound Poisson process, then we have: 

（1）𝑌𝑡 is the independent incremental process. 

（2）For any 𝑡, the characteristic function of 𝑌𝑡 is 𝜓(𝑠) = 𝑒𝑥𝑝{𝜆𝑡(𝜑(𝑠) − 1)}, in which 

𝜑(𝑠) is the characteristic function of 𝜉𝑛. 

（3）If 𝐸𝜉1
2 < ∞, then there is 𝐸𝑌𝑡 = 𝜆𝑡𝐸𝜉1, 𝑉𝑎𝑟(𝑌𝑡) = 𝜆𝑡𝐸𝜉1

2. 

Proof: （ 1 ） For any 0 ≤ 𝑡0 < 𝑡1 < ⋯ < 𝑡𝑘 , there is 𝑌𝑡0
= ∑ 𝜉𝑛

𝑁𝑡0

𝑛=1
, 𝑌𝑡𝑚

− 𝑌𝑡𝑚−1
=

∑ 𝜉𝑛
𝑁𝑡𝑚
𝑛=𝑁𝑡𝑚−1+1 ,  m can take from 1,2, … , 𝑘 . 𝑌𝑡  is independent and incremental based on the 

definitions of {𝑁𝑡, 𝑡 ≥ 0} and {𝜉𝑛, 𝑛 ≥ 1}.  

（2）𝜓(𝑠) = 𝐸 𝑒𝑥𝑝(𝑖𝑠𝑌𝑡) = ∑ 𝐸(𝑒𝑥𝑝(𝑖𝑠𝑌𝑡) |𝑁𝑡 = 𝑛)𝑃(𝑁𝑡 = 𝑛)∞
𝑛=0  

                      = ∑
𝐸(𝑒𝑥𝑝(𝑖𝑠 ∑ 𝜉𝑘

𝑛
𝑘=1 )|𝑁𝑡=𝑛)𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=0 = ∑

𝐸(𝑒𝑥𝑝(𝑖𝑠 ∑ 𝜉𝑘
𝑛
𝑘=1 ))𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=0   

= ∑
(𝐸𝑒𝑖𝑠𝜉1)

𝑛
𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=0 = ∑

(𝜑(𝑠))
𝑛

𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=0 = 𝑒𝑥𝑝(𝜆𝑡(𝜑(𝑠) − 1))   (2) 

（3）𝐸𝑌𝑡 = 𝐸(𝐸(𝑌𝑡|𝑁𝑡)) = 𝐸(𝑁𝑡𝐸𝜉1) = 𝜆𝑡𝐸𝜉1 

𝑉𝑎𝑟(𝑌𝑡) = 𝐸(𝑉𝑎𝑟(𝑌𝑡|𝑁𝑡)) + 𝑉𝑎𝑟(𝐸(𝑌𝑡|𝑁𝑡))  

When 𝑁𝑡 = 𝑛, 𝑉𝑎𝑟(𝑌𝑡|𝑁𝑡 = 𝑛) = 𝑉𝑎𝑟(∑ 𝜉𝑘
𝑛
𝑘=1 |𝑁𝑡 = 𝑛) = 𝑉𝑎𝑟(∑ 𝜉𝑘

𝑛
𝑘=1 ) = 𝑛𝑉𝑎𝑟(𝜉1) 

So 𝑉𝑎𝑟(𝑌𝑡|𝑁𝑡) = 𝑁𝑡𝑉𝑎𝑟(𝜉1), the variance of 𝑌𝑡 is  

𝑉𝑎𝑟(𝑌𝑡) = 𝐸(𝑁𝑡)𝑉𝑎𝑟(𝜉1) + 𝑉𝑎𝑟(𝑁𝑡𝐸𝜉1) = 𝜆𝑡𝑉𝑎𝑟(𝜉1) + 𝜆𝑡(𝐸𝜉1)2 = 𝜆𝑡𝐸𝜉1
2
 (3) 

By establishing a compound Poisson process model of the number and intensity of typhoon 

occurrences, we can obtain the cumulative impact of the average typhoon and its variance, as well as 

the cumulative damage that does not exceed the upper limit, from which we can obtain the service 

life of the ocean engineering. 
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Theorem 2. 𝐴 is set to a constant, then 𝑃(𝑌𝑡 < 𝐴) = 𝑒−𝜆𝑡 + ∑
𝐹𝑛(𝐴)𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=1

 

, where 𝐹𝑛 
is the distribution function convolution of a random variable 𝜉1, … , 𝜉𝑛. 

Proof: from the full probability formula, we can have  

𝑃(𝑌𝑡 < 𝐴) = ∑ 𝑃(∑ 𝜉𝑘
𝑛
𝑘=1 < 𝐴|𝑁𝑡 = 𝑘)𝑃(𝑁𝑡 = 𝑘)∞

𝑛=0     (4) 

Since {𝑁𝑡, 𝑡 ≥ 0} and {𝜉𝑛, 𝑛 ≥ 1} are independent, so there is  

𝑃(𝑌𝑡 < 𝐴) = 𝑃(𝑁𝑡 = 0) + ∑ 𝑃(∑ 𝜉𝑘
𝑛
𝑘=1 < 𝐴)𝑃(𝑁𝑡 = 𝑘)∞

𝑛=1     (5) 

Then 𝜉1, … , 𝜉𝑛 is independent and identically distributed, and the distribution function of the sum 

of which is the convolution of the distribution function𝜉, which can be recorded as. Then there is： 

𝑃(𝑌𝑡 < 𝐴) = 𝑒−𝜆𝑡 + ∑
𝐹𝑛(𝐴)𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=1      (6) 

In particular, if{𝜉𝑛, 𝑛 ≥ 1}is an exponential distribution that is independent and identically 

distributed and subject to the mean𝜇, then ∑ 𝜉𝑘
𝑛
𝑘=1  is subject to the Gamma distribution with the 

parameters 
1

𝜇
 and 𝑛. Thus there is: 

𝑃(𝑌𝑡 < 𝐴) = 𝑒−𝜆𝑡 + ∑
1

𝜇𝑛(𝑛−1)!
∫ 𝑥𝑛−1𝑒

−
𝑥
𝜇𝑑𝑥

𝐴
0 𝑒−𝜆𝑡(𝜆𝑡)𝑛

𝑛!
∞
𝑛=1     (7) 

From Eq 7, it is clear that the design parameters of the marine environment can be described by 

the set of time indicators, and this dynamic description provides better stability in obtaining 

calculations in the case of data shortage or missing. The occurrence of extreme events plays a very 

important role in risk analysis. Although the number of extreme events is small, the harm caused by 

each occurrence is huge. The occurrence time interval of extreme event also reflects its harmfulness 

to some extent [32]. Therefore, studying the time interval of each extreme event is of great 

significance for disaster analysis. The typhoon arrival time interval distribution model is given below, 

and it can be proved that it obeys the exponential distribution, and the different time intervals are 

independent of each other. 

Theorem 3 Let 𝜏0 = 0, 𝜏𝑘 indicates the moment when the 𝑘th event occurs, let 𝑇𝑘 = 𝜏𝑘 −
𝜏𝑘−1means the time interval from the 𝑘 − 1th occurrence of the event to the 𝑘th occurrence. 

{𝑇𝑘, 𝑘 ≥ 1} is an independent and identically distributed sequence of random variables, subject to an 

exponential distribution of the parameter 𝜆. 

Proof: The event {𝑇1 > 𝑡} indicates that the first event occurred after the time, which is 

equivalent to no events occurring during the time interval 0, 𝑡, that is 𝑃(𝑇1 > 𝑡) = 𝑃(𝑁𝑡 = 0) = 𝑒−𝜆𝑡. 

Since the Poisson process has a smooth independent increment property, it is easy to know: 

𝑃(𝑇2 > 𝑡|𝑇1 = 𝑠) = 𝑃(𝑁𝑠+𝑡 − 𝑁𝑠 = 0|𝑇1 = 𝑠) = 𝑃(𝑁𝑡 = 0) = 𝑒−𝜆𝑡   (8) 

Then 𝑇1  and 𝑇2  are both independent and subject to the exponential distribution of the 

parameter 𝜆. Thus, the theorem can be proven. 

The maximum likelihood estimation of the parameter 𝜆 is obtained below. The parameter in the 

Poisson process is a very important parameter 𝜆. In general, if we start from time 0, what we observe 

is the time when the Poisson process {𝑁𝑡, 𝑡 ≥ 0} occurs at each time. When the sample size is 𝑛, it is 

a list of time observations: 𝑡1 < 𝑡2 < ⋯ < 𝑡𝑛. 

Theorem 4 The maximum likelihood estimate of the parameter in𝜆the Poisson process is  λ =
n

τn
. 
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Proof: from the theorem 2.1 we know that 𝑇1, … , 𝑇𝑛  is a sequence of independent and 

identically distributed random variables whose set of observations is𝑡1, 𝑡2 − 𝑡1, … , 𝑡𝑛 − 𝑡𝑛−1. The 

likelihood function of 𝑡1, 𝑡2 − 𝑡1, … , 𝑡𝑛 − 𝑡𝑛−1 is: 

𝐿(𝜏1, … , 𝜏𝑛) = 𝜆𝑛 𝑒𝑥𝑝(−𝜆 ∑ (𝜏𝑖 − 𝜏𝑖−1)𝑛
𝑖=1 ) = 𝜆𝑛𝑒−𝜆𝜏𝑛     (9) 

When 
𝜕𝐿

𝜕𝜆
= 0, it is easy to find the maximum likelihood estimate of the parameter 𝜆 as �̂� =

𝑛

𝜏𝑛
, 

thus when the sample is 𝑡1 < 𝑡2 < ⋯ < 𝑡𝑛, the maximum likelihood estimate of the parameter 𝜆 is  

�̂� =
𝑛

𝜏𝑛
. 

The maximum wind speed is selected as the index to describe the typhoon intensity. It is used as 

a disaster causing factor of storm surge and is a continuous random variable. The maximum wind 

speed of each typhoon is an independent and identically distributed random variable 

sequence {𝜉𝑛, 𝑛 ≥ 1}. The typhoon influence {𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1 , 𝑡 ≥ 0} is a compound Poisson process. 

The statistical distribution of maximum wind speed is discussed below. 

Let the maximum wind speed at the time of each typhoon be a series of independent and 

identically distributed random variables, recorded as {𝜉𝑛, 𝑛 ≥ 1}. The number of times a typhoon 

occurred during the time 0, 𝑡 is recorded as 𝑁𝑡, where {𝑁𝑡, 𝑡 ≥ 0}is a counting process. If we 

assume that the number of typhoons occurring in 𝑡, 𝑡 + 𝑠 is subject to Poisson distribution with 𝜆𝑠, 

then 𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1  is a compound Poisson process, which can be used as a variable to measure the 

impact of a typhoon. We term it as typhoon influence. It is much more reasonable and 

comprehensive than a single consideration of the number of typhoons and the intensity of typhoons. 

The influence of typhoons is a variable that has an important influence on wave front displacement 

and water level. 

The occurrence of typhoon surge will produce huge waves. The effect of a typhoon on the wave 

front displacement is discussed below. Let 𝑇 = 0,∞) (time). The wave front displacement 𝜉(𝑡)is a 

stochastic process with time𝑇as a set of indicators. Considering the variation of the wave front 

displacement in a sufficiently small period of time Δt, there are only three variations in the wave 

front displacement: First, the probability 𝑝1 rises to 𝜇𝜉; second, the probability 𝑝2 remains the 

same; third, the probability 𝑝3 drops to 𝑑𝜉, with 𝑝1 + 𝑝2 + 𝑝3 = 1. The three probabilities are 

related to the typhoon influence and time interval. Since the time interval can be sufficiently small, it 

is justifiable to consider that they are linear. 

Let 

𝑝1 = 𝛼𝐸𝑌𝑡𝛥𝑡 + 𝑜((𝛥𝑡)2)        (10) 

  𝑝3 = 𝛽𝐸𝑌𝑡𝛥𝑡 + 𝑜((𝛥𝑡)2)         (11) 

then,  𝑝2 = 1 − 𝑝1 − 𝑝3 , Where 𝛼 and 𝛽  are constants, 𝑜(𝑡) is expressed as higher order 

infinitesimal quantities of 𝑡. 

Because 𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1  is a compound Poisson process, there is,  

𝑝1 = 𝛼𝜆𝐸𝜉1(𝛥𝑡)2 + 𝑜((𝛥𝑡)2)      (12) 

𝑝3 = 𝛽𝜆𝐸𝜉1(𝛥𝑡)2 + 𝑜((𝛥𝑡)2)      (13) 

With the development of observation technology, we can obtain rich observation data. From these 

data, we can determine or approximate the values of two parameters 𝛼 and 𝛽 based on the probability 

distribution of the sample statistics, and they determine the increase of wave front displacement. 
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In actual engineering, marine engineering works are often affected by disasters caused by storm 

surges such as waves and typhoons in its working environment. It is generally considered that the 

damage caused by the impact of ocean engineering each time is an independent and identically 

distributed sequence of random variables. Based on Poisson process, with the discussion of 

reliability of marine engineering, the superimposed engineering damage caused by each impact 

during a storm surge event can be calculated.  

Assume in the time [0, 𝑡], the number of times the ocean engineering is hit by the storm surge 

𝑁𝑡 is a Poisson process with parameter𝜆, and the damage suffered by the 𝑛th impact is a random 

variable 𝜉𝑛, and they form independent and identical distribution sequences with the change. Then at 

the moment, the cumulative damage suffered by ocean engineering structure 𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1 is 

consistent with the Poisson process over time. 

In actual engineering, the average cumulative damage suffered by marine engineering 

𝐸𝑌𝑡during the time 𝑡 is an important indicator for evaluating the reliability of marine engineering. 

When the damage 𝜉𝑛 
suffered by the impact for the 𝑛 th time obeys the exponential distribution 

with the mean of 𝜇, we have 𝐸𝑌𝑡 = 𝜆𝑡𝐸𝜉1 = 𝜆𝑡𝜇. 

Another reliability indicator for ocean engineering is the probability that the cumulative damage 

of ocean engineering at the moment has not reached the critical threshold𝐴, i.e. reliability: 𝑅(𝑡) =
𝑃(𝑌𝑡 < 𝐴). We can use the reliability of the corresponding ocean engineering as an indicator to 

evaluate the safety of offshore engineering. 

3. Application in engineering examples 

Typhoons are the main hazard factor for storm surge disaster analysis. Accompanying intensity, 

wind, rain, and its landing location are all important factors to consider when studying typhoon 

disasters. The maximum wind force, maximum wind speed, and minimum center air pressure when 

the typhoon lands are the three main indicators describing the strength of the landing typhoon. Feng 

Lihua et al. believe that the observation accuracy of the central air pressure is relatively high, so the 

central air pressure is used to describe the strength of the landing typhoon, and the typhoon intensity 

obeys the exponential distribution based on the principle of maximum entropy. Since the data 

obtained from Chaolian Island in this paper are typhoon wind speed data, the maximum wind speed 

of the typhoon is chosen as an indicator to describe the intensity of the typhoon. According to the 

new national standard t=“Tropical Cyclone Rating” implemented on May 15, 2006, the typhoon 

intensity is divided into several categories according to wind speed: tropical low pressure: 10.8–17.1 m/s 

(grade 6–7); tropical storm: 17.2–24.4 m/s. (grade 8–9); strong tropical storm: 24.5–32.6 m/s (grade 

10–11); typhoon: 32.7v36.9 m/s (grade 12), 37.1–41.4 m/s (grade 13); strong typhoon: 41.5–46.1 m/s 

(grade 14), 46.2–50.9 m/s (grade 15); super typhoon: 51.0–56.0 m/s (grade 16), greater than or equal 

to 56.1 m/s (grade 17). The bar chart of the number of occurrences of the strong typhoon, tropical 

low pressure and typhoon are shown in Figure 1, and the corresponding maximum wind speed is 

shown in Figure 2. 
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Figure 1. The histogram of the number of occurrences of typhoons. 

 

Figure 2. The maximum wind speeds. 

From Figures 1 and 2, it can be seen that the maximum wind speed of typhoons between 1970 

and 1972 showed an increasing trend. 76.77% of the first 30 typhoons had maximum wind speeds 

between 10 m/s and 30 m/s, while 74.19% of the last 31 typhoons had maximum wind speeds 

between 10 m/s and 50 m/s. There was a tendency for a strong typhoon to appear with increased 

wind speed when it occurs every 11 to 14 times. 

The number of typhoon occurrences in the waters of the Chaolian Island obeys the Poisson 

distribution with the expectation𝜆𝑠that the parameter value of the Poisson process can be calculated 

as 0.07 based on the maximum likelihood estimation �̂� =
𝑛

𝑡𝑛
 from the sample observations, as 

shown in Theorem 4. Therefore, we can use the Poisson process with a parameter value of 0.07 to 

describe the number of typhoons occurring in the sea area of the island. 

The maximum wind speed observations at the time of the typhoon in the Chaolian Island 

(120.881488, 35.893816) were fitted with the truncated Gumbel distribution, the truncated Weibull 

distribution, and the truncated Pearson-III distribution. As shown in Figure 3, the corresponding 

Kolmogorov Smirnov test results are shown in Table 1. It can be seen from Figure 3 and table 1 that 



1185 

AIMS Mathematics  Volume 6, Issue 2, 1177–1190. 

Pearson-Ⅲ distribution is more suitable to describe the statistical distribution of wind speed in 

ChaoLian island sea area. 

   

Figure 3. Distribution function. 

Table 1. Wind speed K-S test. 

Distribution pattern 𝑝 −value Statistical value 

Truncated Gumbel 0.94 0.15 

Truncated Weibull 0.86 0.17 

Truncated Pearson-Ⅲ 0.98 0.19 

According to the probability density function formula (14) of Pearson-Ⅲ distribution, the 

corresponding expectation 𝐸𝑋 =
𝛽

𝛼
 and characteristic function (15) can be obtained. The expected 

maximum wind speed is 25.2 m/s, and the characteristic function is 𝜑(𝑡) = (1 − 𝑖0.48𝑡)−52.5: 

𝑓(𝑥) =
𝛼𝛽

𝛤(𝛽)
𝑥𝛽−1𝑒−𝛼𝑥1(0,∞)(𝑥)       (14) 

𝜑(𝑡) = (1 −
𝑖𝑡

𝛼
)

−𝛽

          (15) 

respectively.  

Based on the above analysis, a compound Poisson process for the occurrence and intensity of 

typhoons can be established in the sea area of Chaolian Island: {𝑌𝑡 = ∑ 𝜉𝑛
𝑁𝑡
𝑛=1 , 𝑡 ≥ 0}. 

From Theorem 1, the expected formula (16) and the distribution function formula (17) of the 

wave surface displacement in response to typhoon can be obtained:  

𝐸𝑌𝑡 = 𝜆𝑡𝐸𝜉1 =
𝜆𝑡𝛽

𝛼
           (16) 

𝜓(𝑠) = 𝑒𝑥𝑝 {𝜆𝑡 ((1 −
𝑖𝑠

𝛼
)

−𝛽

− 1)}       (17) 
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In sufficiently small period of time (𝛥𝑡)2 , here are only three variations in the wave front 

displacement: The first, the probability 𝑝1 rises to 𝜇𝜉; the second, the probability 𝑝2 remains the 

same; the third, the probability 𝑝3  drops to 𝑑𝜉 , and we also have 𝑝1 + 𝑝2 + 𝑝3 = 1 with 𝑝1 =
𝑎1𝜆𝑡𝛽

𝛼𝛥𝑡
+ 𝑜((𝛥𝑡)2), 𝑝3 =

𝑎3𝜆𝑡𝛽

𝛼𝑡𝛥𝑡
+ 𝑜((𝛥𝑡)2). 

The extreme wave height data of the Chaotian Island sea area are shown in Figure 4. 

 

Figure 4. Annual extreme wave height  

The threshold of wave height data is 6.5 m, then the cumulative graph exceeding the threshold 

and year is shown in Figure 5. 

 

Figure 5. Cumulative number of times exceeding the threshold. 
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The Kolmogorov Smirnov test of the annual extreme wave height over the threshold is shown in 

Table 2. From the extreme value distribution of the annual extreme wave height and the statistical 

characteristics of the composite Poisson process, the recurrence levels of Gumbel distribution, 

Weibull distribution and Pearson-III distribution, as well as the average cumulative damage 𝐸𝑌𝑡 (m) 

and reliability𝑅𝑡of offshore engineering under different return periods can be obtained. See Tables 3–5. 

Table 2. Wave height K-S test. 

Distribution pattern 𝑝 −value Statistical value 

Truncated Gumbel 0.19 0.17 

Truncated Weibull 0.87 0.14 

Truncated Pearson-Ⅲ 0.96 0.20 

Table 3. Return period level of Gumbel distribution and parameter value. 

Return period Return period level 𝐸𝑌𝑡 𝑅𝑡 

100 5.24 0.76 0.82 

200 5.32 0.84 0.79 

500 5.89 0.92 0.78 

Table 4. Return period level of Willbull distribution and parameter value. 

Return period Return period level 𝐸𝑌𝑡 𝑅𝑡 

100 5.20 0.71 0.83 

200 5.41 0.87 0.81 

500 5.93 0.93 0.76 

Table 5. Return period level of Pearson-Ⅲ and parameter value. 

Return period Return period level 𝐸𝑌𝑡 𝑅𝑡 

100 5.29 0.69 0.86 

200 5.43 0.82 0.83 

500 5.90 0.91 0.81 

4. Summary 

In the ocean, there are uncertainties everywhere. Their time-dependent versatility makes them 

very appropriate to be described in a stochastic process. This paper attempts to apply basic theories in 

the stochastic process to the analysis of storm surge disasters calculates the actual engineering models 

and compares the model results with the measured data. Specifically, this study has made the following 

achievements: 

According to the tropical cyclone yearbook, the typhoon occurrence time is established, and the 

Poisson process of the number of typhoon occurrences in a certain period of time is established. The 

maximum likelihood estimation is applied to estimate the strength parameters. 

Taking the extreme wave height of Chaolian Island as an example, the distribution of annual 

extreme wave height is described by different censored distributions. The distribution function, 

empirical distribution function, and Kolmogorov-Smirnov test results are analyzed. 
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Maximum wind speed during the typhoon landing has been selected as an indicator to describe its 

intensity, and a compound Poisson process model of the typhoon intensity and the number of typhoon 

occurrences is established.  

Based on the stochastic process theory, a theoretical model of the time-dependent variation of the 

frequency of typhoon and wave height of the storm surge is given. The recurrence levels of Gumbel 

distribution, Weibull distribution and Pearson-Ⅲ distribution, and the average cumulative damage 

EYt and reliability Rt of marine engineering are obtained under different return periods. 

Based on the statistical distribution of the maximum wind speed, the compound Poisson process 

model of typhoon intensity and the number of typhoon occurrences is determined and used to analyze 

the influence of typhoon intensity and the number of typhoon occurrences on the wave front 

displacement. 

While reflecting the spatial factors, how to further study the self-correlation and inter-correlation 

of environmental factors at different time scales to better demonstrate the influence of time factors on 

storm surge hazards is what we will study in the future. 
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