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Executive summary 
Introduction 
The 18th typhoon in the year 1999 struck western Japan, resulting in the flooding of a 
number of areas and killing 12 people. Not since the Ise Bay typhoon of 1959 had 
such a major typhoon-related disaster occurred in Japan. The disaster is the motive 
to review the current design of the Japanese coastal defence system.  
The current design of the coastal defence system is based on a deterministic 
analysis of the water level and the wave characteristics. The determination of the 
water level is based on the maximum total water level ever recorded or on the sum of 
the design meteorological tide level and design astronomical tide level. In the first 
case the return period is not clear. In the second case, the meteorological tide is 
determined with typhoon modelling, but criteria for the determination of the typhoon 
parameters lack. The design wave conditions are based on a statistical analysis of 
extreme events. The simultaneous occurrence of high water level and high waves is 
not taken into account. The objective of the research is to obtain the marginal and 
joint probability distributions of the hydraulic variables based on the joint occurrence 
of the tidal water level, the typhoon induced storm surge level and the typhoon 
induced wave characteristics.
 
Approach  
Extrapolating the observed data and their correlations into regions of low probability 
of occurrence where observations are not available can be done based on fully 
statistical methods and on a method that combines physics and statistics. The last 
method is used in this research, because a small amount of observations of the 
hydraulic variables is available and more reliable statistics of physical variables 
related to the hydraulic variables can be used in this method. Further, the physical 
boundaries are taken into account in the extrapolation and global knowledge of the 
physical behaviour of hydraulic variables is included. A Monte Carlo simulation is 
used in this research to derive the extreme hydraulic boundary conditions with low 
probabilities of exceedance, since a number of input variables can be included in the 
method easily. Numerical models are not used because of the increase in calculation 
time due to the number of simulations used in a Monte Carlo analysis. With respect 
to the combined method the insight in the basic relations between the physical 
variables could be lost if numerical models are used. The relevant physical 
phenomena are therefore described with simple analytical formulae. This approach 
will only result in a first order approximation of the values of the hydraulic boundary 
conditions. Refinement of these models is possible. 
 
Relevant physical phenomena and their models 
Since the physical origin of all typhoon-related phenomena can be found in the 
atmospheric pressure and the (resulting) wind field of the typhoon, the description of 
the typhoon field is necessary. Besides, the input distributions of the typhoon 
characteristics are based on a relatively long period of observations compared to the 
hydraulic variables. The high water levels are the result of typhoon induced storm 
surges and the tidal water level. The pressure set-up and the wind set-up are the 
main contributions to the storm surge phenomenon. The locally wind-generated 
waves are important during a typhoon event. Swell is not taken into account 
separately. 
There are several analytical models that describe the physical phenomena. Some of 
the models are reviewed and a choice is made which models are used in the 
research. The pressure set-up is proportional to the central pressure depth of the 
typhoon field. The gradient and surface wind speed can be derived from the pressure 
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distribution and the forward movement of the typhoon field. The wind set-up, 
applicable to water bodies with limited water depth, is described with a model using 
the quadratic wind speed. The wave height and the wave period are calculated with 
the Sverdrupp Munk and Brettschneider model. The wave period is also determined 
with a wave steepness model. The total model with the mutual relations is given in 
Figure 1-1. The model is applied in deterministic and probabilistic analyses of 
typhoons. 
 

Typhoon characteristics at time of landing
- Landings per year**
- Direction of forward movement
- Position of landing
- Speed of forward movement
- Central pressure depth
- Radius to maximum cyclostrophic wind

Geometry and
bathymetry of
the basin*

 Tidal level

Change of characteristics after landing
- Central pressure
- Speed of forward movement
- Radius to maximum cyclostrophic wind

Atmospheric pressure distribution

Gradient wind speed stationary typhoon

Surface wind speed

Pressure setupWind setup

Total water level increaseWave period

Wave height

Gradient wind speed moving typhoon

Input:
deterministic
or probabilistic

Intermediate:
physical models

Intermediate:
physical models
Output: deterministic
or probabilistic

 
 
Figure 1-1: Model used for deterministic and probabilistic modelling of typhoons 
* In both cases only deterministic values used; ** Only used in probabilistic modelling 
 
Deterministic calibration of the combined model 
The storm surge, the wave height and the wave period models are calibrated for a 
case site in Suo-nada Bay, since various values for constants of different formulae 
are given in literature and several assumptions in modelling have been done. The 
Port of Kanda at the west end of the bay is used as case site, since water levels and 
waves are only observed at this point in the bay. The maximum computed values are 
calibrated with respect to the maximum observed values. This is because the model 
does not predict the hourly values correctly due to schematisations and the extreme 
values are important for the statistical analysis. An exception is made for the 
calibration of the storm surge level since both the wind set-up and the pressure set-
up have to be calibrated with the same series of observations. The average relative 
and absolute deviations (above and under) from the observations are determined for 
the hydraulic variables (Table 1-1). The calibrated values are indicative values for the 
error. Validation of the models should be done to obtain an objective insight in the 
model uncertainties. In the probabilistic analysis, the calibrated model constants are 
included in the total model. 
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Table 1-1: Calibrated model constants and model error relative to observations 
Hydraulic variable Fit constant Error relative Error absolute 
Pressure set-up c1 of 0.03 
Wind set-up c2 of 0.5*10-6 25% 0.3m 

Wave height SMB fit parameter 0.9 20% 0.3m 
Wave period SMB fit parameter 1.0 5% 0.3s 
Wave period via steepness steepness 3.16% 5% 0.3s 

 
Probabilistic analysis of hydraulic boundary conditions 
The probabilistic analysis is done with the same model as derived for the 
deterministic calibration, only now statistical input distributions for typhoon 
characteristics and the distribution of the tidal water level are used as input variables 
instead of deterministic values. The deterministic geometry and bathymetry of the 
bay are also used in the probabilistic analysis. Over 6000 typhoons and their induced 
hydraulic variables are the result of simulating a period of 10000 years. The marginal 
probability density functions of the hydraulic variables are derived from the simulated 
dataset. The tails of the datasets however deviate from the overall marginal 
probability density functions and are therefore fitted separately. The return periods of 
the hydraulic variables are given in Table 1-2. 
 
Table 1-2: Hydraulic variables for different return periods according to the derived probability density functions 
Return period [1/year] Dimension 10-3 10-4 10-5

Total water level [m] 5.5 5.7 6.3 
Significant wave height [m] 2.9 3.4 3.9 
Peak wave period [s] 8.3 9.4 10.8 

 
If physical variables are independent and related to the hydraulic variables, their 
marginal probability density functions can be used in the analysis of the joint 
probability density functions. The independence between the wave height and the 
wave steepness is used to derive the joint probability density function of the wave 
height and the wave period. The independence between the tidal water level and the 
storm surge level is used to derive the joint probability density function between total 
water level and the wave height and the wave period. The physical relations between 
the storm surge level, the wave height and the wave period are derived via the wind 
speed and fitted to the simulated dataset. A statistical validation of the marginal and 
joint probability density functions is done. To illustrate the implementation of the joint 
probability density functions in the design of a flood defence, a failure mode is 
analysed. 
 
Conclusions 
The analysis of the probability density functions of the hydraulic variables with a 
limited amount of data available is possible with a method that combines statistics 
and physical relations. Knowledge of the physical behaviour of hydraulic variables all 
over the world is included in this method and physical boundaries are taken into 
account properly in the extrapolation. Input parameters are based on a broader 
statistical basis than would be the case if the statistics were derived solely from the 
hydraulic variables.  
The deterministic model seems to hindcast the maxima of hydraulic variables 
induced by historical typhoons reasonably. The probability density functions have 
been statistically validated and seem to be in line with observations. The number of 
observations however is far too small to confirm the probability density functions in 
the regions of low probabilities of exceedance. The dependence structure of the 
hydraulic variables should be included in the assessment of failure probability of 
failure modes in the flood defence design. 
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fx Joint probability density function of the input variables x - 
fx Marginal probability density function of variable x - 
fx,y Joint probability density function of variables x and y - 

fx|y
Conditional probability density function of variable x with 
respect to variable y - 

g  Gravity acceleration  m/s2

H  Storm surge level  cm 
H1 Mean high water level during typhoon season m 
H2 Estimated storm surge when a typhoon hits the bay  m 
H3 Height of the free board m 
hcrown Crown level of the flood defence above bottom of structure m 
Hd Height of embankment m 
Hm0 Wave height (related to zero moment of spectrum) m 
Hs  Significant wave height  m 
i Position of data point in increasing order -
J Jacobian  
L.W.L. Low water level (=C.D. level) m 
m0 Zero moment of spectrum m2

   
   
                                                 
I Some of the dimensions are not given in SI units; these dimensions have been adopted from the original 
expressions 
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Variable Description Unit 
   
N The number of data points -
p  Atmospheric pressure at a distance from the typhoon centre  hPa 
P  Central pressure of a typhoon hPa 
p∞  Peripheral Pressure hPa 
pc  Pressure in eye of hurricane hPa 
pf Probability of failure - 
R Resistance of the structure - 
r  Distance from typhoon centre  km 
rm   Radius to the maximum cyclostrophic wind speed  km 
rm(t) Radius to maximum wind after typhoon landing in time km 
rm0  Radius to maximum wind at time of typhoon landing  km 
rt  Radius of the curvature of trajectory m 
S Load on the structure - 
s0 Wave steepness related to the wave spectrum - 
sp   Wave steepness  - 
t  Time after typhoon landing  h 
Tm-1,0 Spectral wave period s 
Tp  Peak wave period  s 
Ts  Significant wave period  s 
Vgr  Gradient wind speed  m/s 
Vs  Surface wind speed m/s 
W Wind speed m/s 
xi Input variable i - 
Z Reliability function - 
z Vector describing the geometry of the structure - 
Zovertop Reliability function of overtopping - 
z2% 2% wave run –up level above still water line m 
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Greek symbols 
 
Variable Description Unit 
   
α Angle of slope of flood defence º 
α Deflection of the surface wind direction from the isobar  º 
β  Angle between wind direction and direction of the radial º 
γ  Direction of forward movement after typhoon landing  º 
γ (t) Direction of forward movement after typhoon landing in time º 
γ f Influence factor for roughness elements on slope - 
γ β Influence factor for angle of wave attack - 
γ0  Direction of forward movement at time of typhoon landing º 

y
x

∂
∂

 Derivative of variable y with respect to variable x - 

∆hp Pressure set-up m 
∆hw  Wind set-up  m 
∆p  Central pressure depth  hPa 
∆h Total water level increase m 
∆htide Tidal water level m 
∆hwp Storm surge level m 
∆p Central pressure depth hPa 
∆p(t) Central pressure depth in time hPa 
∆p0 Central pressure depth at time of landing hPa 
θ Direction angle of radius vector from direction of typhoon º 
θ Parameter of Generalized Pareto Distribution - 

θ Difference between critical wind direction and wind direction 
at wind speed peak  º 

µ Fit parameter for wave height - 
µ Parameter of Lognormal distribution - 
µ Parameter of Normal distribution - 
ν Fit parameter for wave period - 
ξ Ratio between distance and radius to maximum wind speed - 
ξ0 Breaker parameter - 
ρ Air density  kg/m3

σ Parameter of Lognormal distribution - 
σ Parameter of Normal distribution - 
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1 Introduction 

This chapter is an introduction to the various subjects that are discussed in the 
report. The two main threats related to the flood defence of Japan are given. The 
immediate motive to start the research on the hydraulic boundary conditions for a bay 
in Japan is described. Major historical typhoons that have attacked Japan are briefly 
discussed and the current design philosophy of the flood defence system is 
analysed. Based on this information a problem analysis is done and the objectives of 
the research are stated. Finally, the approach to derive the statistical properties of 
hydraulic boundary conditions is given, together with the report structure and outline. 

1.1 Threats to the Japanese flood defence system 

There are two major threats to the Japanese flood defence system. On the one hand 
there is the threat of typhoons with a resulting storm surge; an abnormal sea-level 
rise caused by low pressure and severe winds that attend a typhoon. On the other 
hand there is a threat of tsunamis; a series of long waves generated by sudden 
displacement of a large volume of seawater at seafloor level due to a large 
earthquake. Because of the independence of both phenomena, they are usually 
investigated separately. The first threat plays a central role in this research. In an 
overall design of the dike system, the hydraulic loads due to the tsunami threat 
should also be taken into account. 

1.2 Motive to start this research 

The 18th typhoon in the Northwest Pacific Ocean in the year 1999 (hence no. 9918) 
struck the western part of Japan. In the early morning of September 24th, Typhoon 
Bart landed on Kyushu Island, south of Suo-nada Bay (Figure 1-1), with an 
atmospheric pressure at the typhoon centre of 940 hectopascal and a forward speed 
of 40 kilometres per hour. The typhoon path was right over Suo-nada Bay. It heavily 
damaged many coastal facilities and houses and was responsible for the death of 12 
people. At Suo-nada Bay, the storm surge and additional wind-driven high waves 
made many seawalls collapse; different areas amongst which an airport were 
inundated. This enormous disaster could not only be ascribed to Typhoon Bart, 
because it was not the most intensive typhoon of the past decades. The 
simultaneous occurrence of storm surge, high tidal level and high waves caused this 
enormous disaster. On the north and west side of Suo-nada Bay the rise of the water 
level due to the storm surge was 2 to 3 meters and due to the astronomical tide 1 to 
2 meters (above Tokyo Bay average water level). The total water level reached from 
3 to 4.5 meters. The peak significant wave height was 3.5 to 4 meters. Not since the 
Ise Bay typhoon of 1959 (Figure 1-1) had such a major disaster occurred in Japan 
(Takahashi, 2005).  
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Figure 1-1: Japan w rical typhoon tracks (www.agora.ex.nii.ac.jp) 

s - measured 

warning systems and lock gates also contributed to prevent major disasters 
(Tsuchiya et al., 1986). 

ith location of major bays and histo

1.3 Historical typhoons attacking Japan 

Every year a few typhoons pass through the Japanese main islands from south to 
north, thereby generating storm surges and waves (Figure 1-1). In 1959 a violent 
typhoon, called the Ise Bay Typhoon induced an extreme storm surge together with 
waves in Ise Bay, collapsing the coastal dikes and killing over 5000 people. In the 

istory of Japanese meteorological observation the Ise Bay Typhoon wah
in central pressure depth - only the third fiercest (after the Muroto Typhoon (1934) 
and the Makurazaki Typhoon (1945)), but the damage it caused was far beyond that 
of the other two typhoons (Tsuchiya et al., 1980). Still, over 3000 people were killed 
by the Muroto Typhoon (1934), travelling through Osaka Bay (Figure 1-1).   
 
Since the Ise Bay typhoon few large storm surge disasters have struck Japan. This is 
due to the many flood defence facilities completed rapidly in the 1960’s around major 
bays (e.g. Tokyo Bay, Ise Bay, Osaka Bay and Suo-nada Bay) and the small number 
of large typhoons that directly hit the Japanese islands. Countermeasures as typhoon 
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1.4 Current state of design of coastal defences related to 
typhoons 

In the current design philosophy of flood defences in Japan, a tide level (i.e. mean 
high water level) is adopted together with the storm surge level that would have been 
aused by c

typhoon ever recorded. The design height of the embankments is determined wit
a ‘design’ typhoon, the scale of which is the same as the most severe 

h 

3  (1-1) 

ount in this approach. Different deterministic typhoon 
 1-2), together with a wide range of typhoon 
e, radius of the typhoon and proceeding speed, 

are used to determine the maximum storm surge level and maximum wave height. 

 
 

n 

the expression in equation (Nakagawa et al., 1995): 

1 2      dH H H H= + +

Hd Height of embankments [m]
H1 Mean high water level during the typhoon season [m]
H2 Estimated storm surge when a typhoon (of a scale similar to 

the one caused by the Ise Bay typhoon) hits the bay during the 
[m]

time of high water 
H3 Height of the free board [m]

   
The storm surge level caused by a ‘design’ typhoon is computed with a numerical 
model. The Japanese standards (according to Takahashi et al., 2005) however lack 
detailed criteria on how to determine the minimum atmospheric pressure, radius, 
progression speed and route of the model typhoon for the design total water level. 
These typhoon parameters have traditionally been based on those of the Ise Bay 
Typhoon and other typhoons having actually attacked the area. 
 
At the Port and Airport Research Institute1 a deterministic typhoon hindcasting model 
has been developed, which is able to compute water levels and wave heights caused 
by a ‘design’ typhoon. The joint occurrence of tide and storm surge in combination 
with waves is not taken into acc
tracks over Suo-nada Bay (Figure
parameters such as central pressur

The sum of the design storm surge level and design tidal level on the one hand and 
the maximum tidal level (sum of storm surge and tide level) ever recorded at a tide
station on the other are adopted as design water levels. In the first case however the
return period is not exactly clear. In the second case there is no detailed criterio
concerning how to determine the parameters of the model typhoon. The design wave 
conditions are generally determined based on statistical analysis of extreme events 
where the return period of the design condition is usually 50-100 years (Hashimoto et 
al., 2004). 
 

                                                 
1 Further stated as PARI 
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Figure 1-2: Tracks of typhoons used in current modelling of typhoon induced storm surges and waves (after 
Takahashi, 2004a) 
 
Probabilistic evaluations of the tide level have been conducted (Torii et al., 2001, 
Yamaguchi et al., 1998), but the concurrent probability of high tides, storm surges 
and high waves cannot be evaluated precisely. This is because wave characteristics 
depend on the tide level. Further, waves and water levels have not been observed 
long enough for extreme statistical analysis (Kato et al., 2002).  
Kato et al. (2002) derived a method for the evaluation of exceedance probabilities of 
water levels and waves. However, the hydraulic variables have been derived for 
other bays (e.g. Osaka Bay, Ise Bay, Tokyo Bay and Tosa Bay) and not for Suo-nada 
Bay. 
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Takahashi et al. (2004) state that with a prediction system using the probabilistic 
 future expected damage due to 

e value of the 

 various authors (i.e. Bakker and Vrijling, 1980, Burcharth et al., 1995, 
oortman et al, 1998, 2002a and Vrijling et al. 1998), has to be used for the safety 

infr
review the level of protection against typhoon induced storm surges and waves and 

 

con into account. 

calc e joint 
e tidal level, storm surge and waves, results in a situation where a 

all amount of data is available. The water levels 
 Suo-nada Bay have been observed for over 30 years. Waves have been observed 

ceedance needed for 

bjective of the research 

A reliability-based analysis of the flood defence system has to be done. Only a part of 
 be treated in this research since decisions on protection levels have 

e hydraulic variables based on the joint occurrence of the tidal 
vel, storm surge level and waves. The hydraulic conditions are caused by the 

dependent. The description of the multi-

                                                

nature of typhoons, it will be possible to estimate the
storm surges and waves for designated areas. With an inventory of th
land behind the defence system and the value of loss of life, it is possible to set a 
performance level or an acceptable risk level. The framework of performance design 
(Takahashi et al., 2005), similar to reliability-based design applied in coastal 
engineering by
V
analysis of the flood defences.  

1.5 Problem definition 

Typhoons can be devastating and often result in loss of life and significant damage to 
astructure. The serious damage caused by Typhoon Bart (no. 9918) gives rise to 

the possible flooding of areas behind the flood defence system (Kato et al., 2002).  

Although probabilistic evaluation of the water level has been conducted, the 
current probability of high water levels and high waves is not taken 

In the current design method, the tidal level, storm surges and waves have been 
ulated deterministically. The lack of a probabilistic method to analyse th

occurrence of th
reliability-based analysis of the flood defence system is not possible.  
 
For a probabilistic analysis only a sm
in
for only 14 years. An extrapolation to very low probabilities of ex
reliability-based design has to be done with this limited amount of data. 

1.6 O

the analysis will
not yet been made. The efforts will be concentrated on the estimation of tide level, 
storm surge level, wave heights and wave periods and their joint probabilities of 
occurrence. Therefore, the objective is to obtain the marginal and the joint probability 
density functions2 of th
le
typhoon system and are therefore inter
variate statistics of the hydraulic boundary conditions has to include this dependence. 

 
2 Sometimes referred to as PDF or JPDF 
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1.7 Problem approach and structure 

Some points of departure largely determine the path to obtain the marginal and joint 
probability density functions of hydraulic boundary conditions. The points of 
departure and the consequences on the research are summarised below and given 
in Figure 1-3: 
 
Point of departure with respect to the method to derive the extreme values 
The multi-variate statistics of the hydraulic boundary conditions will be calculated with 
a method that combines statistics and physical relations  
Motive: 
- Few observations are available. A dependence structure for extreme conditions 

only based on these observations is weak. Therefore a combination of statistics 
and physics is preferable 

- The analytical models include physical relations that are used and found all over 
the world. This knowledge is then applied in this case  

- The statistical characteristics of variables related to the hydraulic variables can be 
used that have a better statistical basis than the hydraulic variables 

- Extrapolation of the hydraulic variables is done within physical boundaries. The 
physical models hold both under observed and under extreme conditions  

Consequence: 
Simple analytical models are to maintain insight in the physical relations between the 
input, intermediate and output variables (the hydraulic boundary conditions), 
especially under extreme conditions 
 
Point of departure with respect to the various input distributions 
A Monte Carlo analysis is used to derive the probability density functions of the storm 
surge levels, the wave height and the wave period  
Motive: 
- The method is simple in use and a number of input variables can easily be 

included  
Consequence: 
For the Monte Carlo analysis a large number of computer simulations is needed, to 

wave characteristics with low probabilities of 
d because numerical models require 

eps:

obtain extreme storm surge levels and 
exceedance. Simple analytical models are use
more calculation time 
 
This results in the following logical st  

hat describe these physical phenomena and how these 

any the simple analytical models 

nalysis of the hydraulic 

- Research of the physical phenomena related to hydraulic loads that occur during 
the passing of a typhoon has to be done 

- Determine the models t
models can be combined to determine the hydraulic loads on the flood defences 

- Because of the schematisations that accomp
and the range of values of model constants that are given, some models are 
calibrated. The observations of hydraulic variables are used for deterministic 
calibration and probabilistic validation 

- The calibrated model is used in the probabilistic a
boundary conditions 
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Motive
- Simple in use
- Larger number of input distributions

Motive
- Few observations available
- Include global knowlegde
- Use statistics of related variables
- Physically bounded extrapolation

Research of relevant phenomena Chapter 3

Motive
- Insight in physical relations

Motive
- Low computational burden

Monte Carlo analysisCombined method

Deterministic calibration of simple models Chapter 5

Statistical analysis to obtain probability density functions Chapter 6

Review and combine simple models Chapter 4

Simle analytical models

 
Figure 1-3: Problem approach and report structure 

1.8 Outline of the research 

The report contains the following different chapters (Figure 1-3): 
Chapter 1 gives an introduction to the research. The problem is defined and the 
objective of this research is stated 
Chapter 2 gives background information about the context of probabilistic design in 
flood defence design. The position of probabilistic design within reliability-based 
design is given 
Chapter 3 gives background information about typhoon systems and describes which 
physical phenomena are relevant for the research 
Chapter 4 describes the models used to calculate the physical phenomena and how 
these models are combined in a combined dependence model 
Chapter 5 describes the deterministic calibration of the models used for the 
computation of storm surge, wave height and wave period 
Chapter 6 states the marginal and joint probability distributions of the hydraulic 
boundary conditions. Further a statistical validation of the hydraulic variables is done  
Chapter 7 states the conclusions and recommendations of the research 
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2 Context of probabilistic analysis within 
flood defence design  

The context of probabilistic analysis of hydraulic boundary conditions related to flood 
defence design, is pointed out in this chapter. For the total analysis of a flood 
defence system, a risk-based design is often applied. The role of the probabilistic 

out. Further, the method that is used 

able framework of risk-based decision making, it should be 

. 
The advantages of this approach are: 

ther rationalised if the consequences of 

. The failure probability for 
on the consequences of 

analysis within this risk-based design is pointed 
to derive the probability density functions in the research is presented. 

2.1 Decision making on level of safety of flood defences 

The appropriate level of protection provided by a flood defence system is in the ideal 
case obtained by balancing the cost of protection against the risk reduction in the 
protected area. Based on this idea, risk-based design methods have been developed 
over the past decades. A risk-based design method (performance design) has been 
proposed by Takahashi et al. (2004), to be used in the analysis of the Japanese flood 
defences.  
To come to a work
recognised that several decisions have to be made to determine the appropriate level 
of protection of the area protected by the flood defence system. The decisions range 
from the geometry of a flood defence system to the acceptable flooding probability of 
the area, given economic and societal consequences of flooding. The safety level of 
flood defences should reflect the demands posed by nature and society. A method to 
analyse appropriate safety levels for possible flood areas is available in the form of 
the risk-based design method for flood defences. Risk-based design typically 

corporates not only the flooding probability but also the consequences of floodingin

 
- The choice of the safety levels can be fur

flooding and the costs of protection are made explicit 
- Risk-based approaches exist also in other fields where safety levels have to be 

defined, so that a risk-based approach to flooding safety provides the possibility 
of comparing the risk levels. 

 
Risk-based design is defined as a design approach where the costs of protection are 
weighed against the risk reduction in the protected area
which the structure is designed is flexible and depends 
failure. This is in contrast with reliability-based design. 
 

  
Port and Airport Research Institute Japan MSc Thesis E.N. Klaver 

 



28 Probabilistic analysis of typhoon induced hydraulic boundary conditions for Suo-nada Bay 
  

 

Costs
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Figure 2-1: Constru eduction 
 
Figure 2-1 shows the id g 

sive, while a less strong structure is 

ction cost versus risk r

eas behind an economic based design method: a very stron
structure runs little risk of failure but is expen
cheaper but the risk is high. Somewhere in between there is an optimum. The risk of 
failure is  

Risk probability consequence= ⋅  

From the viewpoint of rational decision making the costs should be minimised 
provided that the design satisfies all requirements. The combination of the 
investm nt wit to the cheapest design that just 
suffices li

2.2 liab  of flood defence 
stem

ity and ultimate limit state 
A distinction is made between the serviceability limit state and the ultimate limit state 

 limit state defines collapse or such 
form its main task. It is 

ility of reaching an ultimate 
limit state should be much lower than reaching a serviceability limit state. The 

nditions. Extreme loads on the 

e
he re

h a reliability requirement leads 
 t ability requirements. This is also denoted the optimal design. 

Re ility analysis and evaluation
sy s 

In view of the reliability of a flood defence structure, the primary function of a flood 
defence system is the protection against flooding (apart from special purpose 
structures). Failure is denoted as inundation of the area. 

2.2.1 Serviceabil

of a flood defence system. The ultimate
deformation that the structure as a whole can no longer per
usually related to extreme load conditions. The probab

hydraulic climate in the ultimate limit state and in the serviceability state is needed.  
The research focuses on the ultimate limit state load of the flood defence system. 
The ultimate limit state is related to extreme load co
flood defence system caused by typhoons are determined. 

2.2.2 Fault tree 
The failure of the system can be broken down in elements and in individual failure 
modes. The failure modes and their relation to failure of the structure and the 
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structures and their relation to overall failure of the system can be represented in 
fault trees. Quantitative analysis starts at the level of failure modes with the definition 
of limit state functions and the description of the joint probability distribution of 
random input variables. For an arbitrary system, the definition of the failure boundary 
can be found by following the deterministic analysis of the fault tree (Figure 2-2). 
 
Failure of
the system

Inundation

Failure sea dyke Failure sluice

or

Failure of
a structure

1 2 n

or

Wave overtopping Overtopping
R < S R < S

Failure of
a section

Failure

or

mode
 

 
Figure 2-2: Simplified fault tree for the failure of a dike system 
 

very individual structure of the oveE rall system has to be analysed with respect to its 
analysis of the reliability of the 

al limit state function. The 
has to be analysed further with respect to its possible causes of 

 tree can be 

Resistance of the structure  

Negativ e reliability function indicate failure by the failure mode 
described by the limit state function. On the lowest level in a fault tree every failure 

possible causes of failure. To enable a quantitative 
re mode has to be cast in a mathematicstructure every failu

individual structure 
ilure (failure modes). Also on the level of individual structures a faultfa

used to visualise the failure modes and their interactions. 

2.2.3 Limit state functions 
To enable quantitative analysis of the reliability of the structure every failure mode 
has to be cast in a mathematical form. This is often done with limit state functions:  

Z = R – S (2-1) 

   
Z Reliability function  
R 
S Load on the structure  
  
e values of th

mode has to be written in the form of this equation if a quantitative analysis is 
performed. Once the limit state functions are defined there are two different ways to 
judge the performance of the structure: deterministic and probabilistic.  
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In the deterministic analysis the margins are calculated for one or more discrete sets 
of values for the load and strength variables. The structure fails under the prescribed 

is volume 

load and strength combination or not. No estimate of the likelihood of failure is given 
by this type of method. The probabilistic analysis takes the uncertainties in load, 
strength and physical models into account. The combination of probabilities of Z<0 
determines the total probability of failure pf. pf is the volume of the part of the 
probability mountain where the reliability function is less than zero (Z<0). Th
is given by: 

1
( ) 0

( 0) ... ( ) ...
<

= < = ∫ ∫ ∫f x n
Z x

p p Z f x dx dx  (2-2) 

pf Probability of failure  
Z Reliability function  
x Input variables i  
fx Joint probability density function of the input variables  

2.2.4 An example of a limit state function  
The failure mode overflowing and wave overtopping occurs in the situation where the 
water level exceeds the crest level of the flood defence structure and the attack of 
waves. The failure mode overflowing and wave overtopping is an initiating failure 
mode. A definition of a limit state for this failure model is given by  

overtop s crown 2%Z (dh,H )  h -dh-z=   (2-3) 

Zovertop Reliability function of overtopping [-]
hcrown Crown height of flood defence relative to bottom of structure  [m]
dh Total water level increase [m]
z2% Wave run-up that is exceeded by 2% [m]
Hs Significant wave height [m]

    
The definition of z2% and a flood defence cross section is given in chapter 6. The 
results are plotted in Figure 2-3. The curve gives the combinations of the water levels 
and wave heights at which the structure is still capable of handling the loads 
(reliability function with Z=0). Right of this line the strength is exceeded (Z<0) 
resulting in failure. 
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2.3 Probabilistic calculation methods 

The integration of a probability density integral can generally not be solved 
analytically. A number of methods have been developed to solve this. A distinction is 
made between level 2 methods and level 3 methods. 
In the level 2 approach, the joint probability density function is transformed to a space 
normally distributed independent variables and the limit state function is replaced by 
its first order Taylor approximation in one point. The probability of failure of the 
system depends on the probabilities of failure of the individual failure modes and on 
the dependence between the failure modes. For arbitrary dependence between the 
components of the system, analytical solutions provide upper and lower bounds to 
the exact probability of failure.  
In the level 3 approaches the integral is solved direct by a numerical method. This 
may be done with a Riemann integration or a Monte Carlo analysis. Riemann 
integration transforms the integrals of the analytical functions that describe the 
probability density of the failure area in more dimensional cells. The volume of these 
cells are then determined and summed. In the case of a lot of variables this method 
results in extensive calculations. In the level 3 Monte Carlo approach, for all input 
parameters a random number is drawn from their probability distribution. The Monte 
Carlo method can be used to obtain the number of counts of load combinations in the 
failure domain.  
With the Monte Carlo analysis the distribution of the hydraulic loads is determined. 
The research will be done with this method since the Monte Carlo approach provides 
an easy tool to derive the probabilities occurrence in cases with various input 
variables. 

2.4 Hydraulic boundary conditions 

It is clear that a reliability-based analysis can only be done with the joint probability 
distribution of the stochastic variables that describe the load and resistance of the 
structure. This research focuses on the hydraulic loads on the flood defence 
structure. It concentrates on the description of the marginal and joint probability 
density functions of the hydraulic boundary conditions. Which PDF should be used in 
the reliability analysis depends on the failure mode that is investigated as explained 
in the previous section. Earlier case studies show that for coastal structures, the 
uncertainty of the hydraulic boundary conditions (water level and wave conditions) 
dominates the reliability of the structure (Vrijling et al 1998a, Voortman et al 1998, 
1999).  
The models, chosen to define the limit state functions for a flood defence structure, 
determine the choice of variables for the description of the hydraulic boundary 
conditions. For the limit state functions the following three aspects of the hydraulic 
conditions need to be quantified 
 
- Water level (i.e. tidal level and storm surge level) 
- Wave height 
- Wave period 
 
Hydraulic conditions in front of flood defences generally show a strong dependence. 
The dependence can be explained by the fact that the same physical processes 
determine the hydraulic conditions. In coastal regions wind conditions dominate the 
hydraulic conditions. The local conditions depend on the properties of the driving 
process and on local conditions like orientation of the structure, bathymetry etc. The 
parameters of pressure set-up, wind set-up, wave height and wave periods are 
caused by the same driving force; the atmospheric pressure field of the typhoon and 
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the resulting wind field. Dependence between these parameters can therefore be 
xpected. 

2.5  Methods used for extrapolating hydraulic boundary 
conditions 

The major issue related to the determination of the probability density space is the 
extrapolation of the hydraulic boundary conditions to an exceedance probability far 
beyond the period of observation. There are two different methods that can be used 
for extrapolating the observed data and their correlations into the regions of low 
probability of occurrence: the fully statistical methods and the statistical methods 
combined with physics.  
In the case of the fully statistical method, the dependence structure between the 
hydraulic variables is derived solely from the data. In the design of flood defences the 
interest lies in the extreme hydraulic conditions that are scarce by definition. 
Observations therefore appear to provide a weak basis for the dependence structure 
under extreme conditions. Extrapolations may even exceed physical limits. 
An alternative approach of combining the statistics with the physics is proposed by 
Vrijling and Bruinsma (1980) and developed further by Repko et al. (2001) and 
Webbers et al. (2003). In this approach, a parametric dependence model is 
developed that is based on physical concepts. In that way the shape of the 
dependence structure is fixed and only a limited number of parameters need to be 
estimated from the data. Physical models can be assumed to hold both under 
measured conditions and under extreme conditions.  
Because hydraulic boundary conditions depend on the same driving force, a strong 
dependence between the two can be expected in extreme conditions. From the 
design point of view of a flood defence structure, especially the extreme conditions 
are important, which implies that the dependence between hydraulic conditions 
needs to be accounted for. Further, global knowledge of physical relations can be 
included in the method and the statistics of related variables can be used that are 
based on a broader statistical basis. The combined method is therefore used. 

2.6 Input variables for the combined method  

Vrijling and Bruinsma used the water level offshore as the input variable and 
described the wave conditions as a function of the water level. The dependence 
model was derived on the basis of parametric physical models. Vrijling and Bruinsma 
(1980) observed that both water level and wave conditions are wind driven and are 
therefore dependent. Nevertheless they based their description of the JPDF of 
hydraulic conditions on the water level instead of the wind field. The reason was that 
at the time a long series of water level observations was available but joint 
observations of wind speed, water level, wave height and wave period were scarce. 
In the Japanese case, the physical origin of all typhoon-related phenomena can be 
found in the atmospheric pressure field of the typhoon and the resulting wind field. 
The analysis is therefore done with the characteristics derived from historical typhoon 
pressure-fields. The characteristics of these typhoons are observed longer than the 
water level and the waves and will therefore also have a better statistical basis. To be 
able to compute the probabilistic hydraulic boundary conditions, input distributions of 
variables are needed. Therefore, the available statistics of characteristics related to 
typhoons are an important restriction in the use of models and their input parameters. 

e
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2.7 Models that describe the phenomena 

Research into the behaviour of water level and waves in extreme wind conditions has 
resulted in a number of (numerical) models, which are used to compute these 
hydraulic variables. However, the possible choice of models for this research is 

 the process of 
ulations is 

perform ave a low 
compu dels. This 
simplification cast some doubt on the validity of the results that are obtained. 
Parametric dependence models should be calibrated against field data. An estimate 
of the model error can be obtained to account for observed differences between 
model and field data.  

reduced drastically by the choice of using a Monte Carlo approach. In
reliability evaluation of a flood defence structure a large number of calc

ed. Therefore, the models in the dependence model should h
tational burden. This limits the choice to simple parametric mo
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3 Physical phenomena related to  

physical phenomena that cause extreme water levels, wave heights and periods is 
eeded. The basics of a typhoon system are given, together with the typhoon related 

apan faces the Pacific Ocean in the south and the Japan Sea in the north (Figure 
nds reach to several thousands of 

ys that are shallow and partially 
 natural barriers. 

typhoons and the hydraulic loads 

To be able to describe the hydraulic boundary conditions, an overview of the relevant 

n
hydraulic phenomena. At the end of the chapter an overview is given of the 
phenomena included in the further analysis. 

3.1 Geometry and bathymetry of Japan and Suo-nada Bay 

J
3-1). Water depths around the Japanese isla
meters. The Japanese coastline includes many ba
protected from the Pacific Ocean by
 

 
 

 
 
Figure 3-1: View of the water depths around the Japanese main islands (www.gsj.go.jp) 
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Suo-nada Bay is S-shaped and about 90 kilometres long from east to west and 50 
kilometres long from north to south, and surrounded by the islands of Kyushu and 

onshu (Figure 3-2). The water depth (based on low water level) exceeds 40 meters 
ss within 10 kilometres of the coastal line in 

t e  Por nda is also given in the figure. The water 
levels and waves are observed at this point.  
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F eom thy  to low wa r level (after Kawai, 2004) 

.2 Background information on typhoons in general  

r the typhoon phenomenon. 
Every basin uses own names for what is actually the same natural phenomenon. The 

 with 
typhoon. Some exceptions are made in cases where the name is explicitly described.  

Kanm

igure 3-2: Suo-nada Bay g etry and ba metry relative te

3

3.2.1 Typhoons, Hurricanes and Cyclones 
There are different basins around the world that encounte

names are given Figure 3-3. In the research the phenomenon will be denoted
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Figure 3-3: Origins and tracks of tropical typhoons together with the different names around the world (Kawai, 2004a) 

the genesis of a typhoon. Since 
five years a list of Asian typhoon names has been applied for the North West Pacific 
region instead of western names (agora.nii.ex.ac.jp). 

3.2.3 Typhoon generation and typhoon movement 
Typhoons are low-pressure weather systems that develop over warm ocean waters, 
mostly located between latitudes of 30ºS and 30ºN. The systems rotate counter 
clockwise in the northern hemisphere and clockwise in the southern. Tropical cyclone 
formation requires six concurrent conditions: 
 
- Warm ocean waters of at least 26.5º Celsius to a depth of 50 meters minimal 
- An atmosphere that cools rapidly vertically transforming stored heat energy from 

the water into thunderstorm activity that fuels the tropical system 
- Moist layers at mid troposphere elevations (5 kilometres altitude) 
- Significant Coriolis forces to rotate the cyclone 
- Presence of a near surface organised rotating system with spin and low-level 

inflow 
- Minimal vertical wind shear at varying altitudes that can slice apart the cloud 

mass 

r is the generative element, only the midsection of the planet 
can conceive typhoons. The pole-seeking centrifugal Coriolis force is needed to spin 
the thunderstorms into a closed circulation. Tropical cyclones cannot form within 500 

3.2.2 Individual typhoon names 
Two types of conventions are used to give names to typhoons: a number-based 
convention and a list-based convention. Number-based conventions are based on 
the sequential number from the beginning of a typhoon season. This kind of 
simplified two-digit (e.g. no. 14) convention is very popular in Japan and often used in 
the media. A four-digit (e.g. no. 0414) identification code is a more preferred 
convention in technical and professional areas. The first two digits denote the year of 
occurrence. In special cases, the Japan Meteorological Agency gives a name to the 
typhoon when it resulted in severe disaster or when significant meteorological 
phenomena were observed. In this case, the typhoon is usually named after that 
place or that accident. List-based conventions are based on a list of typhoon names 
defined in advance by the committee of meteorological organizations worldwide. A 
new name is automatically chosen from the list upon 

 
Since warm ocean wate
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kilometres of the Equator (Shultz et al., 2005). An overview of the anatomy of a 
northern hemisphere hurricane is given in Figure 3-4. 
 

 
Figure 3-4: Anatomy of a hurricane (www.bocc.citrus.fl.us) 

3.2.4 Typhoon paths for Japan 
The typical typhoon season in Japan is between June and October. Typhoons 
originate in tropical regions and as they move north (in the northern hemisphere), 
caused by the Earth’s rotation, they gradually weaken. This weakening is caused by 
the decrease in the sea surface temperature as the typhoon moves north, eventually 
resulting in the vapour supply falling short of the energy loss caused by friction. 
When a typhoon hits land, the vapour supply is completely cut off.  
Typhoons are pushed by high-altitude winds. Therefore, typhoons move west (while 
gradually veering north) in low latitudes, since east winds are generally prevalent. 
When typhoons come to mid-latitude regions where strong west winds are blowing in 
high altitudes, typhoons move towards the northeast (Figure 3-3). In August, high-
altitude west winds are still weak, so typhoon movement can be unstable. As a result, 
typhoons can meander and cause unexpected damage. After September, high-
altitude west winds become stronger. This causes typhoons to move in an arc from 
southern seas towards Japan. Past typhoons that caused large damage, such as the 
Muroto Typhoon (1934) and the Ise Bay Typhoon (1959), followed this specific 
course (www.city.sendai.jp). After recurvature into westerly direction and the 
association with a colder environment, tropical cyclones lose their tropical 
characteristics. The size of the circulation usually expands, the speed of the 
maximum wind decreases, the translational (forward) speed of motion increases and 
the distribution of winds, rainfall and temperature becomes increasingly asymmetric 
(www.cnmoc.navy.mil/ japan). 
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3.2.5 Different scales to classify hurricanes and typhoons 
nes and typhoons, based on a 

wind speed, storm surge 
Several scales are used to categorise hurrica
combination of the hurricane characteristics of pressure, 
and structural damage. The Saffir-Simpson scale is used for the Atlantic and 
Northeast Pacific basin and contains the destructive potential of hurricanes (Table 
3-1). In Japan a scale of the Japan Meteorological Agency is used to classify 
typhoons (Table 3-2). The Beaufort scale (for wind speed) ends with category 12, 
with maximum sustained wind speeds above 118 km/h (appendix A). That is equal 
the lowest category on the Saffir-Simpson scale. 
 
Table 3-1: Saffir-Simpson scale to classify hurricanes  

Cat. Maximum Sustained Wind  
(1-min mean) 

Effects 

 [kt] [km/h]  
O e 64-82 118-152 No ren al damage to building structures. Damage primarily to 

and trees. Also, some 
ge 

unanchored mobile homes, shrubbery, 
coastal road flooding and minor pier dama

Two 83-95 153-176 Some roofing material, door, and window damage to buildings. 
Considerable damage to vegetation, mobile homes, and piers. 
Coastal and low-lying escape routes flood 2-4 hours before arrival 
of centre. Small craft in unprotected anchorages break moorings. 

Three 96-113 177-208 Some structural damage to small residences and utility buildings 
with a minor amount of curtain wall failures. Mobile homes are 
destroyed. Flooding near the coast destroys smaller structures with 
larger structures damaged by floating debris. Terrain continuously 
lower than 5 feet ASL may be flooded inland 8 miles or more. 

Four 114-135 209-248 More extensive curtain wall failures with some complete roof 
structure failure on small residences. Major erosion of beach. 
Major damage to lower floors of structures near the shore. Terrain 
lower than 10 feet ASL may be flooded requiring massive 
evacuation of residential areas inland as far as 6 miles. 

Five 135 >248 Complete roof failure on many residences and industrial buildings. 
Some complete building failures with small utility buildings blown 
over or away. Major damage to lower floors of all structures 
located less than 15 feet ASL and within 500 yards of the 
shoreline. Massive evacuation of residential areas on low ground 
within 5 to 10 miles of the shoreline may be required.  

 
Table 3-2: Typhoon scale according to the Japan Meteorological Agency (www.agora.ex.nii.ac.jp) 

JMA Category Maximum Sustained Wind  
(10-min mean) 

International Category Class 

 [kt] [km/h]   
Tropical Depression - 33 - 62 Tropical Depression (TD) 2 

34 - 47 63 - 88 Tropical Storm (TS) 3 Typhoon 
48 - 63 89 - 118 Severe Tropical Storm (STS) 4 

Strong Typhoon 64 - 84 119 - 156 Typhoon (TY) or Hurricane 5 
Very Strong Typhoon 85 - 104 157 - 192   
Extreme Typhoon 105 - 193 -   

 
The scales illustrative the effects and wind speeds that can be caused by a typhoon. 
In this research the scales are not explicitly used. The characteristics that determine 
the scale and intensity of the typhoon are used instead.  

3.3 Typhoon characteristics influencing hydraulic loads 

3.3.1 Number of typhoon landings per year in Japan 
Several typhoons hit the Japanese islands per year. An average of twenty-seven 
typhoons develops every year in the Northwest Pacific basin, from which 
approximately three hit Japan. In an extreme year this number can increase to ten 
typhoons (Figure 3-5). 
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Figure 3-5: Number of typhoon landings on the Japanese main islands  
For a normal year two typhoons (in 2003, left) and for an extreme year ten (in 2004, right) (agora.ex.nii.ac.jp) 

3.3.2 Typhoon tracks over a bay 
The typhoon track is of major influence on the possible occurrence of flooding. The 
highest wind s
hemisphere) and the direction of th

peeds are located to the right (east) of the typhoon centre (northern 
e wind relative to a bay depends on the typhoon 

se bays have a north-south orientated bay axis. If a 

 track also generate wind set-up, but the 
-6). 

track (Figure 3-6). Most Japane
typhoon centre passes to the west of such a bay, a large amount of water piles up at 
the north end of the bay. In that case, the maximum winds right of the typhoon centre 
affect the bay precisely. 
The typical typhoon track at Suo-nada Bay (east-west orientated bay axis) is going 
north through the bay. The wind that generates the storm surge piling up against the 
end of the bay is the easterly wind in the front quadrant of the typhoon field. The 
highest wind velocities to the right of the
fetch length is more limited in that case (Figure 3

Typhoon
track track

Typhoon

Axis of bay
east west

Axis of bay
north south  

Figure 3-6: Different orientations of bay-axes relative to a typhoon track, with high wind speeds causing wind set-up 
and waves (after Kawai, 2004a) 
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3.3.3 Parameters that are used to describe a typhoon field 
Typhoon wind fields can be well represented by a small number of parameters. The 
minimal atmospheric pressure of the typhoon centre indicates the intensity of the 
storm. Another parameter is used for the forward speed. The radius to maximum 
wind speed of the typhoon describes the size of the typhoon field (see Figure 3-7).  
 

Pressure

Central pressure depth

Central pressure

Peripheral pressure
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Distance [km]
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km) and angle of forward movement relative to a certain fixed direction (example: 90 degrees); wind speeds in m/s 

Figure 3-7: Parameters that describe a typhoon field for a typhoon with average parameters: 
Pressure distribution (central pressure depth: 50hPa), magnitude of wind field (radius t
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3.4 Typhoon related storm surges 

A storm surge may be visualised as a raised dome of water, moving with the 
typhoon, centred to the right of its path (northern hemisphere). The higher winds to 
the right of the typhoon centre originate from the summation of the round wind speed 
profile and the forward movement of the typhoon. The height of the storm surge is 
related to local pressure (i.e. a barometric effect) and to wind stress on the water 
caused by local winds. Contributing factors to the pressure and wind field are storm 
speed, direction of approach, bottom topography, and coincidence with high tide level 

- The suction effect of the decrease in atmospheric pressure or pressure set-up 
- The wind drift effect or wind set-up 
- Static wave effects caused by wave breaking or wave set-up 

3.4.1 Pressure set-up 
The increase in water level under the low pressure ‘eye’ of a typhoon is also known 
as the Inverse Barometer Rise effect or pressure set-up. The increase of the water 
level is concentric under the centre of the typhoon. A rule of thumb is that with every 
hectopascal decrease of atmospheric pressure, the water level rises with one 
centimetre.  

3.4.2 Wind set-up 
The increase in the mean water level due to the piling up of water on the shore is a 
result of friction between the typhoon wind and the water surface. The friction of the 
wind speed over the water surface results in inclination of the water level in situations 
with limited water depths. The wind set-up is not only dependent on the wind speed, 
but also on the fetch length and the water depth.  

3.4.3 Wave set-up 
The wave set-up can reach about ten percent of the offshore wave height. In the 
case of Suo-nada Bay, the waves break when entering the bay from the Pacific

not 
bserved separately in Suo-nada Bay, it is not directly taken into account in the 

research. The effect could have an influence on the water level.  

3.4.4 Shoaling of storm surges 
Because of shoaling, the speed and length of a wave decrease with a constant wave 
period. This affects the storm surge height. Whether the influence is visible for storm 
surges can be seen from hindcasted typhoons by the numerical model of the PARI. 
In appendix B the tracks of two typhoons (no. 0318 and no. 9810) and the computed 
resulting storm surges are given. The suction effect of the typhoon (pressure set-up), 
the wind drift effect (wind set-up) and the total increased water level (summation of 
the pressure set-up and the wind set-up) are given. The effect of shoaling on storm 
surge heights in Suo-nada Bay is negligible according to the simulation. This is 
probably due to the perpendicular direction of bay axis of Suo-nada Bay relative to 
the typhoon tracks. On average the direction of the typhoon is perpendicular to the 
bay axis. It is decided to neglect the shoaling effect related to storm surges. 

(www.cnmoc.navy.mil/korea). Three different phenomena generate a storm surge:  
 

 
O
o

cean. This results in wave set-up over the entire bay. Since this effect is 
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3.5 Other physical phenomena related to the water le

Tidal water le

vel 

3.5.1 vel 

- 
low water level) of 3.5 to 4 meters.  

eiches are standing waves or oscillations of the free surface of a body of water in a 
emi closed) basin. These oscillations are of a relatively long period. The oscillations 

result primarily from changes in atmospheric pressure and the resultant wind 
conditions and occur over the entire basin. The frequency of oscillation is a function 
of the forcing mechanism, together with the geometry and bathymetry of the system. 
For Suo-nada Bay this effect has not been detected and is therefore not addressed in 
the research. 

3.5.3 Relative sea level rise 
An increase of 3° Celsius in temperature and 65 centimetres in sea level by the end 
of the 21st century is predicted for Japan (KSRGW, 1991). Because of the location of 
Japan on the boundaries of four continental plates, the ground level is going up or 
down gradually caused by crustal movement. Some Japanese researchers say that 
the relative sea level has been going up on the Pacific coast and going down on the 
Japan Sea coast. Since there is no univocal verdict on the Japanese sea level rise, it 
is not taken into account in this research. 

3.5.4 Rain oscillations 
Typhoons consist of massive clusters of cumulonimbus clouds with cyclonic rotation 
that cause large amounts of rain. Rain caused by typhoons includes the rain that falls 
from the typhoon itself, but also rain that falls from other weather fronts that are 
activated by the typhoon. Rain oscillation has not been detected during typhoons for 
Suo-nada Bay and is therefore not addressed in the research. 

3.5.5 Tidal inlet hydrodynamics 
If the entrance of a bay acts as a barrier to the incoming tide, a delay in the advance 
of the tide and a difference of head between the water outside and inside the inlet 
can be caused. Since the tide is observed inside the basin, the possible occurrence 
is already taken into account in the tide level. An evaluation of the inlet currents and 
tidal elevations is ignored. 

3.6 Various types of wind-generated waves 

Usually a distinction is made between two types of wind-generated waves: swell and 
locally generated waves. Swell is generated on the Pacific Ocean and penetrates into 
the Japanese bays. Locally generated waves are the result of the typhoon winds 
within the vicinity of the bay. 

3.6.1 Locally generated waves by typhoons 
Locally generated waves within the bay consist of the waves generated by typhoons. 
The storm waves by typhoons dominate extreme statistics in the Japanese region 

The tidal water level at Japan is a combination of different effects influencing the 
water level, such as the astronomical tide, the ocean current and the density of the 
(salt) water. There is a slight seasonal change in mean sea level. The mean sea level 
is maximal in autumn. If the typhoon storm surge and high tide occur simultaneously, 
the water level will be maximal. The impact of typhoons over the last decades 
depends on this joint occurrence of a typhoon with a high tidal water level. The tide 
ystem in the Suo-nada area is a semi-diurnal one with a range (high water level s

3.5.2 Seiches 
S
(s
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that faces the Pacific Ocean (Goda, 2000). The typhoon-generated waves are much 
larger than those by other meteorological disturbances. Results of Young (1988) 
indicate that both the velocity of forward movement and the maximum wind velocity 
within a typhoon play an important role in determining the magnitude and the spatial 
distribution of the waves generated. The physics of the generation process of waves 

with a b

3.6.2 Swell generated by typhoons 
Many of the wave spectra also have a lower frequency swell peak. Tracing this swell 
back reveals that it was generated in the intense wind region to the right of the 
typhoon centre (northern hemisphere). The wind velocity is maximal in this region 

direction of the bay entrance to the Pacific Ocean and therefore partly protected. The 

e increasing forward movement of the typhoon and the 
 small probability of joint occurrence of this type of 

within typhoons is complicated by the rapidly turning winds and also by the lack of 
reliable field data. Locally generated wind sea can be seen in high frequency peaks 

road directional distribution.  

and the wind direction is approximately parallel to the storm track. The waves that will 
dominate are those that remain in the high wind regions for a maximum time. So 
waves generated in this region move forward with the typhoon and maximise the time 
for which they experience strong winds. As the forward movement of the hurricane 
increases, the hurricane outruns the waves it generates and the region where the 
dominant waves are generated moves into the right rear quadrant.  

3.6.3 Swell penetrating Suo-nada Bay 
Suo-nada Bay is orientated in a way that the inner part is perpendicular to the 

west minor entrance, the Kanmon Strait (Figure 3-2), is sufficiently narrow and 
curved to prevent waves from penetrating from the Japan Sea (Kawai, personal 
communication). In most cases, if the typhoon track changes from northwest to 
northeast direction, stagnation of the forward movement of a typhoon occurs at this 
turning point. If a typhoon stagnates at low latitude for a very long time and the wind 
duration increases to an extreme, waves can develop their energies rapidly 
(Komaguchi et al., 1990). The offshore waves generated by the typhoon system still 
have to travel to the bay. Th
curved path into the bay, result in a
swell and locally generated typhoon waves. Swell that was generated in the Roaring 
Forties hardly reaches Japan. The continent Australia and several islands (Malaysia, 
Indonesia, Papua New Guinea and New Zealand) are natural breakwaters for Japan 
(Kawai, personal communication). In general, swell occurs during a typhoon event 
and should be added to locally generated wind waves.  

3.6.4 Waves observed at Suo-nada Bay 
The simultaneous observation of the significant wave height and the peak wave 
period during historical typhoons (no 9117, 9119, 9210, 9313) are plotted in Figure 
3-9. The wave steepness above a significant wave height of 0.5m is independent of 
the significant wave height and normally distributed as can be seen from Figure 3-8. 
The following equation can be stated for the wave steepness: 

2

2( , ) s
p s p

p

Hs H T
g T

π⋅
=

⋅
 (3-1) 

sp Wave steepness [-]
Hs Significant wave height [m]
Tp Peak wave period [s]
g Gravity acceleration [m/s2]
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This distribution is used to construct the lines in Figure 3-9. From this figure it can be 

 wave height. In cases of swell the wave 
%. The average wave steepness in Suo-nada Bay of 

seen that swell has occurred during typhoon events (region outside 95% interval with 
wave heights under 0.5m). Further, young swell (in a lake) will have a wave 
steepness of around 5%, independent of the
steepness will be around 1
3.16% therefore includes some swell. Since wave spectra are not available, the exact 
properties of swell cannot be stated. If the wave steepness relation is used for the 
computation of the wave period the value of the wave steepness (and therefore 
swell) is taken into account. 
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Figure 3-8: Independent wave steepness and wave height for wave heights above 0.5m with normal distribution of 
the wave steepness (typhoons 9117, 9119, 9210, 9313) 
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Figure 3-9: Peak periods plotted against significant wave heights during typhoons (no 9117, 9119, 9210, 9313) 
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3.7 Scheme of phenomena taken into account in the 
research 

In he previous paragrap t hs different phenomena are described and their influence on 
the hydraulic boundary conditions. For simplicity reasons and because of the limited 
availability of data, not all effects that contribute to the hydraulic variables are taken 
into account. An overview of the phenomena used in the analysis is given in a 
diagram together with the phenomena that are left out as described in the previous 
paragraphs (Figure 3-10).  
 

Hydraulic
boundary
conditions

Waves

Water level
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generated
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Wind set-up
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Sea level rise
Tidal inlet
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Storm surge
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Figure 3-10: Diagram of the hydraulic phenomena that are taken into account in the research  
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4 Models for physical phenomena related 
s and the hydraulicto typhoon  loads 

ydraulic boundary conditions. Further, the schematisations 
 models are pointed out. 

n if 

 

In this chapter, different models related to the typhoon induced hydraulic loads will be 
reviewed. The applicability of the models to the Japanese situation is discussed and 
a choice is made as to which models are used in the further analysis of the hydraulic 
boundary conditions. A calculation schedule is presented with the relations between 
the models to obtain the h
and simplifications that are done in order to apply the

4.1 Various models used for the description of the physical 
phenomena 

An analysis of simple analytical models that describe the physical phenomena is 
done. Numerical models are not applied, because of the computational burde
used in a Monte Carlo simulation, in comparison with simple analytical models. 
Further, the mutual relations of the different variables are more evident if they are 
expressed in analytical formulae. In Appendix C the different models pointed out in 
this paragraph are described more in detail. The formulae of the models are given in
paragraph 4.4 and onward. 

4.1.1 Manuals of the USACE3  
There are different manuals that provide information about hydraulic loads generated 
by typhoons. The Shore Protection Manual and the Coastal Engineering Manual, 
mainly based on hurricanes that have passed through the Gulf of Mexico, are 
analysed.  
• Shore Protection Manual (1977 and 1984) 
The Shore Protection Manual gives the model of Myers (1954) for the description of 
the spatial distribution of atmospheric pressure and the resulting wind field for slowly 
moving hurricanes. The pressure distribution can be derived from the central and 
peripheral pressure, together with the radius to maximum wind speed. Further, 
models are given to calculate the wave height and period with the help of the same 
variables used as input for the atmospheric pressure model of Myers (1954). 
• Coastal Engineering Manual (2002-2003) 
The Coastal Engineering Manual gives the model of Holland (1980) for the 
description of the spatial distribution of atmospheric pressure for slowly moving 
hurricanes. From this spatially distributed atmospheric pressure field, the spatial 
distribution of the wind speed can be derived.  

                                                 
3 United States Army Corps of Engineers 
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4.1.2 Parametric Hurricane models 
Two parametric models for the prediction of hurricane wave characteristics have 
been analysed: the model of Cooper and the model of Young. Both models are 

d the outer edge of the hurricane, forward 
ovement of the hurricane and the radius to maximum wind speed). The wave 

iagrams, based on simulations, are 
sed. 

he PARI uses the model of Myers (1954) to describe the spatial distribution of the 

f this spatial distribution of 
 

the 
circular typhoon wind field. A simple model is given to compute the pressure set-up, 
using the pressure differ oon eye and the peripheral pressure. 

ave height and period are computed with 
e Sverdrupp, Munk (1947) and Bretschneider5 (1952 and 1958) model. The wind 

speed, the fetch length and the water depth are input variables for the SMB model. 

                                                

applicable to deep-water conditions. 
• Cooper’s model (1988) 
With Cooper’s model a spatial distribution of the wind speed can be computed based 
on different input variables (e.g. direction of movement of the typhoon, pressure 
difference between the typhoon centre an
m
height is assumed to be 25% of the local wind speed. The wave period is computed 
with the wind speed and the angle of forward movement of the typhoon. The average 
wave direction can be computed with the radius to maximum wind speed and the 
direction of forward movement of the hurricane.  
• Young’s model (1988) 
Young created a hurricane wave prediction model based on results from simulations 
with a numerical spectral model. Given some typhoon parameters (e.g. forward 
movement of the hurricane, maximum wind velocity and radius to maximum wind 
speed), the wave characteristics can be determined. The significant wave height and 
period can only be derived if spatial distribution d
u

4.1.3 Models used in Japan 
There have been a number of studies in Japan related to typhoons. Only a few are 
described here. First, the model used by the PARI is discussed. Further, different 
models from the Japanese Journal of Natural Disaster Science4 are given and a 
model applied by Kato et al. (2002) is described. 
• Models used by the PARI (Kawai et al., 2004) 
T
atmospheric pressure. Further, numerical models based on the finite difference 
method and non-linear long wave-approximation-theory are used to calculate storm 
surges. A third generation numerical wave prediction model WAM (WAMDI, 1988) is 
used. 
• Models described in the JNDS (1979-now) 
In the JNDS the model of Schloemer (1954) is used to describe the spatial 
distribution of the atmospheric pressure. This model depends on the same typhoon 
parameters as the model of Myers (1954). With the help o
the atmospheric pressure field, the spatial wind speed distribution can be computed.
With the Blaton formula, the forward movement of the typhoon is added to 

ence between the typh
The wind set-up is computed as a part of this pressure set-up.  
• A model used by Kato et al. (2002) 
Kato et al. (2002) use the model of Myers (1954) to describe the spatial distribution of 
the atmospheric pressure and the spatial distribution of wind speed. A model of the 
Japan Meteorological Agency (1999) determines the total storm surge as a function 
of the angle to the critical wind, the wind speed and the central pressure of the 
typhoon as input variables. The significant w
th

 
4 Further stated as JNDS 
5 Further stated as SMB model 
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4.1.4 Models applied in studies for the Gulf of Mexico 
Two works are described here concerning Jamaica (Gulf of Mexico). Banton et al. 
(2002) give a method to calculate hurricane waves and Smith Warner International 
Ltd. (1999) describes some models for hurricane storm surge calculations. 
• Banton et al. (2002) 
Banton et al. (2002) derived an empirical formula to determine the central pressure of 
a hurricane depending on the maximum wind speed. From the central pressure of a 
hurricane, the radius to maximum wind speed is computed empirically. The wave 
characteristics are computed with the parametric hurricane model of Cooper (1988). 
• Smith Warner International Ltd. (1999) 
At Smith Warner International Ltd. (1999) a formula from the SPM’84 is applied for 
the calculation of the pressure set-up (Inverse Barometer Rise) caused by the low 
atmospheric pressure of the typhoon field. The pressure set-up is calculated with the 
peripheral pressure, the central pressure and the radius to maximum wind speed. For 
the wind set-up, generated by the wind field of a typhoon, a formula (SPM’77) is 
applied using the quadratic wind speed, the fetch length and the water depth as input 
variables.

4.1.5 Models applied to the North Sea 
Three approaches are summarised which have been used to analyse the (not 
typhoon related) hydraulic boundary conditions for the Dutch coast (i.e. the methods 
of Vrijling and Bruinsma (1980), Webbers (2000) and Voortman (2002a)). 
• Vrijling and Bruinsma (1980) 
The Weenink (1958) model is used for the calculation of the wind set-up during a 
storm, with the quadratic wind speed as input variable. The astronomical tide level is 
added to the wind set-up, to derive the total water level during a storm. The wave 
height is computed with the SMB model. 
 Webbers (2000) 

ave 
ve period using the wave height and the 

ave steepness.  

 wind 
irection and the direction dependent geometry determine in this case the hydraulic 
ariables.  

4.2 Qualitative evaluation of the described models 

4.2.1 Applicability of the models 
The models, described in the previous part, can be evaluated on their applicability to 
Suo-nada Bay. This is done qualitatively and not based on calculated values. The 
following criteria are important for extracting the models that will be used in this 
research: 
 
- Input and output parameters of the physical models must fit into a total combined 

model to calculate the hydraulic loads 
- Validity to the situation of Suo-nada Bay  
 
• Models described in the manuals of the USACE 
For the spatial distribution of pressure the model of Myers and Holland are given in 
the manuals of the USACE. The Schloemer formula is found in other literature. The 
models of Myers and Schloemer are actually the same. Both give concentric circular 
isobars for the pressure profile and the pressure depth decays exponentially from the 

•
Webbers (2000) extends the method of Vrijling and Bruinsma (1980). A w
steepness model is used to calculate the wa
w
• Voortman (2002a) 
Voortman (2002a) extends the method of Vrijling and Bruinsma (1980) to an omni-
directional model (for wind set-up, wave height and period). The characteristic
d
v
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centre of the typhoon. Holland extends the Schloemer formula by adding an extra 
 2002), the 

vement of 

veloped for deep-water conditions.  
 Models used in Japan 

The PARI uses numerical models to derive the storm surges and wave 
ot used in this research. 

 parameters of the model have not been defined for Suo-nada Bay. 
Estimating all parameters is n
this model is not applied. 
• Mo p xico 
The model of Banton et al. (2002) gives formulae calibrated to the Jamaican 
situation. It app urricane model of Cooper (1988  
is therefore not y. Smith Warner International Ltd (1999) 
gives some useful models for estimating the wind set-up and pressure set-up. These 

• Models applied to the North Sea 
The models that are ap
the calculation of the wind set-up. For wave
model is used. Also the w

4.2.2 Available sta
From t  meth er to obta
probab di abilistic input 
distribution  of ation  
minimu atmo track of typhoons is 
essenti e  
important.  
A resea h into cteristics has been done  
Japane  main  at  
of land nd rk  
been done for  g l 
typhoo specifi onsistent, for typhoon 
protection work  the Japanese 

lands f Kyus kkaido was done. Only severe typho  

bution of the atmospheric pressure field, because the cyclostrophic wind 
speed profile balancing to the pressure profile was more realistic than other profiles. 

mum wind speed, 
ime of 

landing of the typhoons on the boundary of sea and land. Also the average changes 
of these characteristics during the hours after landing are given. For individual 
typhoons, the characteristics are stated by Fujii (1998) (Appendix D). These 
characteristics are obtained in the same way as the statistical properties. The 

constant. In an investigation of the pressure of typhoon Bart (Fujii et al.,
Holland formula resulted in the original Schloemer formula. The forward mo
the typhoon is not (yet) included in the formulae. Since in the Japanese situation, the 
Holland formula transforms into the other, only the Myers/Schloemer model remains. 
• Parametric hurricane models 
The possibility to use the parametric hurricane models for wave predictions is limited 
because they are specially de
•

characteristics caused by typhoons. Numerical models are n
Kato et al. (2002) on the other hand performed an analysis using an analytical model 
proposed by the JMA (JMA, 1999) for several Japanese Bays. This simple analytical 
model combines a pressure set-up model and a quadratic wind set-up model to 
compute the storm surge. The SMB model is used for wave predictions. 
Unfortunately, the

ot possible with the available information and therefore 

dels ap lied in studies for the Gulf of Me

lies the parametric deep-water h ) and
 of interest to Suo-nada Ba

models both originate from the SPM. The pressure set-up model is described with 
the same kind of expression as the atmospheric pressure formula of Schloemer. 

plied to the North Sea use the quadratic wind speed model for 
 height and period predictions the SMB 

ave steepness model is used to compute the wave period. 

tistics for input variables 
he

s
od described in chapter 2, it was clear that in ord in the 

ili tic 
s

stribution of hydraulic boundary conditions, the prob
The determin typhoon characteristics are needed. of the

m
 t
 spheric pressure, radius, progression speed and 

al o b  able to model typhoons. Also the number of landings in a year is

rc
e

 available statistics of typhoon chara . For the
 ths  islands the statistical properties of typhoon characteristics e time

ing a their change after landing have been investigated. These wo
the Standard Project Typhoon (Mitsuta, 1965) and provide

s have
enera

n cations, geographically and meteorologically c
atterns of typhoons hittings. The analysis of pressure p

hu, Shikoku, Honshu and Hois  o ons
from 1951 onward were used with a central pressure below 980 hectopascal at the 
time of landing. Mitsuta et al. (1979) used the Schloemer formula to describe the 
patial distris

The typhoon parameters of central pressure depth, radius to maxi
forward movement and angle of forward movement were determined at the t
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individual characteristics can be used to calibrate the model for individual typhoons 

4.2.3 ls used in the combined method 

ferred to as 
chloemer model in the further research. 

 
For the surface lifting or pressure set-up there are different formulae. Nakagawa et 
al. (1995) give a formula related to the difference between the peripheral pressure 
and the pressure. The Japan Meteorological Agency gives a formula for storm surges 
(see Kato et al., 2002) that sums the wind set-up and the pressure set-up. In that 
formula the pressure set-up is the same for the entire typhoon field because it only 
depends on the central pressure of the typhoon. The formula for pressure set-up by 
Smith Warner International Ltd. (1999)) is similar to the pressure formula given by 

tre). This one is chosen because 
ld 

et al. (1995), the wind set-up is equal to the pressure set-up. 
Other authors use the qu
SPM’77, Kato et al. (2002), Smith Warner International Ltd. (1999), Vrijling and 
Bruinsm  (198 n d 
the water depth. This seems physically correct, since the force resulting from the 
wind on the w in equilibrium with the inclination of the water 
level. T  qua  used. 
 

o calculate the significant wave height many authors (e.g. SPM’77, Kato et al., 

he significant wave period. These 
models use the wind speed, water depth and fetch length to derive the significant 

n this 

 peak period with the 

he hydraulic variables can be derived from different input variables and dependence 
models combined in a model. The input variables are given for historical typhoons, 
which enables the deterministic calibration of the model. Also the statistical 
properties of the input variables are given. Therefore the same dependence model 
can be used for the analysis of the probability distributions of the hydraulic loads. The 
scheme with the mutual relations between the input variables and the hydraulic 
boundary conditions is given in Figure 4-1. 
 

and this calibrated model can be used for the statistical analysis. 

Choice of mode
The Myers/Schloemer model remains for the description of the atmospheric pressure 
distributions, according to the discussed analyses of typhoons in Japan. The models 

f Myers and Schloemer are actually the same. The model will be reo
S

Schloemer (i.e. related to the distance from the cen
 is related to the total pressure field. From the earlier mentioned pressure fieit

parameters the surface lifting can be calculated. 
 
According to Nakagawa 

adratic relation between wind speed and wind set-up (i.e. 

a 0)). Besides that, the wind set-up is dependent on the fetch le gth an

ater surface should be 
he dratic relation of wind set-up and wind speed will be

T
2002, Vrijling and Bruinsma, 1980) use the empirical SMB-model. There is a model 
for the significant wave height and a model for t

wave height and period. Because of its simplicity, this model is also used i
research. The peak wave period can also be computed on the basis of the wave 
steepness relationship (see Webbers, 2000) that relates the
significant wave height by means of the wave steepness. 

4.3  A combined model to derive the joint typhoon related 
hydraulic variables 

T
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Typhoon characteristics at time of landingGeometry and  Ti
- Landings per year**
- Direction of forward movement
- Position of landing

bathymetry of
the basin*

dal level

- Speed of forward movement
- Central pressure depth
- Radius to maximum cyclostrophic wind

Change of characteristics after landing
ssure

ic wind

- Central pre
- Speed of forward movement
- Radius to maximum cyclostroph

Atmospheric pressure distribution

Gradient wind speed stationary typhoon

Surface wind speed

Pressure setupWind setup

Total water level increaseWave pe

Wave height

riod

Gradient wind speed moving typhoon

Input:
deterministic

Intermediate:
physical models

Intermediate:
physical models
Output: deterministic
or probabilistic

or probabilistic

 
 
Figure 4-1: A combi
* In both cases only  determined 

 the statistical analysis 

s follows directly from the 
set-up. The wind set-up, 

                                 

ned model that determines the hydraulic boundary conditions with different input variables  
 deterministically
s is only used in** This input variable

 
The concurrent occurrence of water levels and wave height
ombined model6. The tidal level influences the wind c

pressure set-up and tidal level influence the wave height and the wave period. 
 
 

                
6 Referred to as ‘combined model’ in the further report; not to be confused with the ‘combined method’ 
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4.4 Change of typhoon characteristics after landing 

After the landing of the typhoon, the typhoon characteristics change. In the analyses 
from Mitsuta and Fujii (197
moment of typhoon eye land
moment. The p e to th l 
model iven 
 

9, 1986), the characteristics are determined at the 
ing. The change rates are determined starting from that 

osition of the change of typhoon characteristics relativ e tota
is g in Figure 4-2. 

 
Figure 4-2: Position of change of typhoon characteristics relative to the total model 
 
The central pressure depth decreases after landing. This phenomenon
as the filling rate. Intense typhoons have larger filling rates than we
filling rate of the pressure depth with time after landfall can be given with a formula of 
Matano 9 ).

 is referred to 
ak ones. The 

 (1 56   

0 exp( )p( )p t∆ p a t∆ −  = (4  

depth in time [hP
depth at time of landing [hP

p depth [1/h]
Time after typhoon landing [h]

ameters of forward movement and radius to maximum cyclostrophic 
wind are assumed to change with linear trends. The following equations are used: 

(4-2) 

-1)

∆p(t) Central pressure a]
∆p0 Central pressure 

Change rate of pressure 
a]

a
t 
 

The typhoon par

0( )m m rr t r a t= +  

0( )fm fm cC t C a t= +  (4-3) 

0( ) dt a tγ γ= +  (4-4) 

rm0 Radius to maximum wind at time of typhoon landing [km]
rm(t) Radius to maximum wind after typhoon landing in time [km]
ar Change rate of radius to maximum wind [km/h]
Cfm0 Forward movement of typhoon at time of landing [km/h]
Cfm(t) Forward movement of typhoon after typhoon landing in 

time 
[km]

ac Change rate of forward movement [km/h2]
γ0 Direction of forward movement at time of typhoon landing [deg]

yphoon landing in [deg]

 of direction of forward movement [deg/h]

nding is given in 

γ (t) Direction of forward movement after t
time 

ad Change rate
t Time after typhoon landing [h]

 
An example of the change in typhoon characteristics after typhoon la
Figure 4-3. 
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Change in typhoon characteristics of typhoon 8513 after landing
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Figure 4-3: Example ristics after landing of typhoon no. 8513  
(Characte cs used ; rmo = 52km; ar = 5.0km/h; Cfm0 = 42km/h; ac = 2.7km/h2) 

of change in typhoon characte
: ∆pristi 0  = 52,3hPa; ap = 0.079/h
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4.5 The model that describes the atmospheric pressure 
distribution 

With some of the input typhoon characteristics and the change in these 
characteristics the typhoon pressure field can be described (Figure 4-4) 
 

 
Figure 4-4: Position of pressure distribution relative to the total model 
 

f the atmospheric pressure is 

p Atmospheric pressure at a distance from the typhoon centre [hPa]7
pc Central sea level pressure [hPa]
∆p Central pressure depth [hPa]
rm Radius to the maximum cyclostrophic wind speed 
r Distance from typhoon centre 

 
Figure 4-5 gives the estimated pressure profile of typhoon Bart (no. 9918). Input 
parameters stated by Fujii et al. (2002) are used.  

The Schloemer formula for the spatial distribution o
given in equation:  

( )/mr r
cp p pe−= + ∆  (4-5) 

[km]
[km]

0 1 2 3 4 5 6 7
940

950

960

970

980

990

1000

Time after landing [hour]

anda during typhoon Bart 

p 
[h

P
a]

 
Figure 4-5: Pressure from the moment of landing at Kanda, Suo-nada Bay 

acte cs used 42km; Cfm = 56km/h; no change rates included) 

Atmospheric pressure at K

profile of Typhoon
: ∆p = 73hPa; r

 Bart (no.9918) 
risti m = (Char

                                                 
7 Meteorologists worldwide have measured atmospheric pressure in millibars for a long time. After the introduction of 
SI units, many preferred to preserve the customary pressure figures. Therefore, meteorologists use hectopascals 
today for air pressure, which are equivalent to millibars. 
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4.6 The model that describes the wind field 

From the pressure distribution, the wind field can be derived. First the gradient wind 
ving typhoons and finally the speed is described, then the gradient wind speed for mo

surfac  wind speed. The wind e field phenomena related to the pressure field, relative 
to the total model of Figure 4-1 is given in Figure 4-6.  
 

 
 
Figure 4-6: Relation b d models relative to the total model 

4.6.1 mosp - gradient wind distribution 
The equation o s a formula to derive the gradient wind speed r 
friction e win mer (1954) formula for atmospheric pressure (  
Mitsuta  al., 1

etween wind spee

At heric pressure field 
f motion provide  (o

fre d) from the Schloe see
 et 986): 

2 1
gr

grV

t

pfV
r rρ

+
∂

(4  

3 (960hPa, 300K) [kg/m3]
p Atmospheric pressure 
r Radius from typ

4.6.2 radien  - gradient wind for moving typhoons 
The isobars of a typhoon are modelled to be circular. However if a typhoon moves 
forward ith a ius of the trajectory of the air parcel d  
from th radius escribed with the formula of Blaton 

igure -7):  

∂
=  -6)

Vgr Gradient wind speed [m/s]
rt Radius of the curvature of trajectory [m]
f Coriolis parameter 8.34 10-5 /s [1/s]
ρ Air density 1.1 kg/m

[hPa]
hoon centre [m]

G t wind distribution

 w constant speed, the rad iffers
e 
4

 of an isobar. The relation is d
(F

1 1 C
(1 sin )fm

t grr r V
θ= +  (4-7) 

r Radius of an isobar [m]
rt Radius of the curvature of trajectory [m]
Cfm Forward movement of typhoon [m/s]
Vgr Gradient wind speed [m/s]
θ Direction angle of radius vector from direction of typhoon 

moveme
[º]

  
nt 
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+ =

Stationary typhoon Forward movement Resulting wind speed

 
Figure 4-7: Effect of Blaton formula on wind speeds for moving typhoons  
 
If the Blaton formula is substituted in the formula for gradient wind speed, the 
following relation can be derived for the gradient wind speed: 

2 41 ( sin ) ( sin ) exp
2

m m
gr fm fm

a

V C rf C rf
r r

θ θ
ρ

pr r⎧ ⎫∆ −⎪ ⎪⎛ ⎞= − + + + +⎨ ⎬⎜ ⎟
⎝ ⎠⎪ ⎪⎩

[m/s]

h average typhoon characteristics is 

⎭
 (4-8) 

Vgr Gradient wind speed [m/s]
Cfm Forward movement of typhoon 
θ Direction angle of radius vector from direction of typhoon 

movement 
[º]

rt Radius of the curvature of trajectory [m]
f Coriolis parameter 8.34 10-5 /s [1/s]
ρ Air density 1.1 kg/m3 (960hPa, 300K) [kg/m3]
∆p Central pressure depth [hPa]
r Radius from typhoon centre [m]

 
The spatial distribution of the gradient wind wit
given in Figure 4-8.  

Spatial distribution of gradient wind speed [m/s]
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Figure 4-8: Gradient wind speed distribution (with average ∆p=47hPa; rm=84km; Cfm=33.7km/h; northward 
movement) 
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4.6.3 Gradient wind - surface wind 
The surface wind speed is decelerated and deflected from the gradient wind speed 
by surface friction. Classical consideration (Brunt, 1939) shows that the surface wind 
speed can be calculated with the following formula: 

(cos sin )s grV V α α= −  (4-9) 

Vs Surface wind speed [m/s]
Vgr Gradient wind speed [m/s]
α Deflection of the surface wind direction from the isobar [º]
 

The ratio Vs/Vg is 0.5 over flat land and therefore α would be 25º. Over water this 
ratio is 0.7, with a deflection angle of 15º. In literature a ratio of 2/3 is often used. This 
corresponds to an angle of deflection of the surface wind direction from the isobar of 
17º. This value will be used if this formula is applied. 
In a more extended form, Mitsuta and Fujii (1987) give a formula for the surface wind 
relative to the gradient wind that was derived from data obtained from two typhoons 
(no.7705 and no.7709). This relation is used in several Japanese analyses (e.g. 
Kawai et al., 2004): 

{ }
1

1( ) ( ) ( ) exp 1 1
mm

s
p

gr p p

V G G G
V m

ξ ξξ
ξ ξ

− ⎡ ⎤⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪⎛ ⎞⎢ ⎥= ∞ + − ∞ − −⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭⎣ ⎦

 (4-10) 

[-]
[-]

G(ξ Coefficient (2/3) p)  
G(∞) Coefficient (1.2) 
ξ Ratio between distance and radius to maximum wind speed [-]
ξp Coefficient (0.5) [-]
m Coefficient (2.5) [-]
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Figure 4-9: Surface wind speed distribution (with average ∆p=47hPa; rm=84km; Cfm=33.7km/h; Vs/Vgr = 0.67; 
northward movement) 
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4.7  The models that describes the storm surge 

As mentioned earlier, in this model, the wind set-up a
responsible for storm surges (relative to the combined mode

nd pressure set-up are 
l see Figure 4-10).  

 

 
 
Figure 4-10: Position of storm surge phenomena relative to the total model  

4.7.1 Pressure set-up 
The formula given by Schloemer is used for the description of the pressure set-up. is 
chosen because it is related to the total pressure field. From the earlier mentioned 
pressure field parameters the surface lifting can be calculated with: 

/
1 ( )(1 )mr r

p ch c p p e−
∞∆ = ⋅ − −  (4-11) 

∆hp Pressure set-up [m]
c1 Constant ~0.01-0.04 [m/hPa]
p∞ Peripheral Pressure [hPa]
pc Pressure in eye of hurricane [hPa]
rm Radius to maximum wind speed [m]
r Radius to a particular location [m]

 
In Figure 4-11 the pressu
typhoon Bart. 

re field and the resulting pressure set-up is given for 

0 1 2 3 4 5 6 7
940

950

960

970

980

990

1000
Atmospheric pressure and pressure setup at Kanda during typhoon Bart

p 
[h

P
a]

0 1 2 3 4 5 6 7

2

2.5

0

0.5

1

1.5

Time after landing [hour]

 
re 4-11: Computed pressure and resulting pressure set-up for typhoon Bart relative to the time of landing  
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4.7.2 Wind set-up formula 
The quadratic relation of wind set-up and wind speed is used. The formula is given 
below: 

2

2
s

w set up
Vh F c
gd−∆ = ⋅ ⋅  (4-12) 

∆hw Wind set-up  [m]
c2 Empirical constant ~2 10-6 to 4 10-6 [-]
Vs Surface wind speed [m/s]
Fset-up Fetch length of wind set-up [m]
d Water depth [m]
g Gravity acceleration [m/s2]

 
In an enclosed basin any increase of the water level on the down wind side needs to 
be compensated by a decrease of the water level on the upwind side. In case of a 
marginal sea connected to a large ocean, the large supply of water from the ocean 
ensures that mass is conserved without a decrease of the upwind water level. 
Because Suo-nada Bay is connected to the open sea, the wind set-up can be added 
to the present water depth. In Figure 4-12 this situation is sketched together with the 
parameters as given in the formula for wind set-up. 

Wind setup
dhw

Fetch for wind setup; F=150 km

Average
water depth
d = 30m

Vs

Bay entrance Inside of bay

 
Figure 4-12: Wave set-up in an open basin connected to the sea  
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Figure 4-13: Position of wave height and period relative to the total model 

4.8.1 The wave height model 
The significant wave height, based on the SBM-model, is given in the following 
equation:  

1
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 (4-13) 

Hs Significant wave height [m]
Vs Surface wind speed [m/s]
g Gravity acceleration [m/s2]
d Water depth [m]
Fwave Fetch length of waves [m]
H∞ Coefficient 0.283 [-]
k1 Coefficient 0.0125 [-]
k3 Coefficient 0.53 [-]
m1 Coefficient 0.42 [-]
m3 Coefficient 0.75 [-]

 
• Wave height limitation 
The Miche (1944) criterion limits the growth of the waves in the bay. In a shallow bay 
this criterion results in waves that have to be smaller than approximately half the 
water depth (Vrijling et al., 2002): 

H H=
r 0.5s

H d
H d

≤
>

 

 

 
The water depth differs depending on the different directions from which the waves 
approach the observation point. The water depth is built up from the bottom depth to 

Hs Significant wave height [m]
d Water depth [m]

    
0.5  

s s

sH d= fo
s  (4-14)

for 0.5
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chart datum level (low water level) with additionally the storm surge and the tidal level 
relative to low water level. The influence of the limitation on the wave height is 
discussed in appendix E. 

4.8.2 Wave period models 
 derived for the The same sort of formula as used for the significant wave height is

significant wave period. The SMB-formula for the wave period is: 
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 (4-15) 

[-]
k2 Coefficient 0.077 [-]

[-]
2 [-]

[-]

Ts Significant wave period [s]
Fwave Fetch length [m]
d Water depth [m]
Vs Surface wind speed [m/s]
g Gravity acceleration [m/s2]
T∞ Coefficient 7.54 

k4 Coefficient 0.833 
m Coefficient 0.25 
m4 Coefficient 0.375 

 
The wave steepness model can also be applied to calculate the wave period. 
Between the parameters Hs and Tp there is a unique dependency. From analysis of 
all over the world (Repko et al., 2001) it seems that the wave height and steepness 
are statistically independent.  

2( , ) s
p s p

p

HT H s
g s

π⋅
=

⋅
 (4-16) 

Tp Peak wave period [s]
Hs Significant wave height [m]
sp Wave steepness [-]

[m/s2]
 
• Wave period limitation 
R t  allow water (Jensen, 199 d tha tc ted e 
g  i ow r, fol ro ws t a clo deepwater wave growth 
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The observation of the wave period is sta s  si The 
SMB wa rio l a t es sig ica e tee s 
m  is d e pea ve od  co ar e v s ign  
w pe t ted in e  pe . F a
d t  t gnificant wave period is roughly equal to the tral k 
p . S  d driv av ea ve ig ue tail hich e 

e significant wave period (Ts) is roughly equal to 0.9 times the peak wave period 
(T ) (Battjes, 2001). It is assumed that the significant wave period and the peak wave 

 
ted into this value. 

g (1988) give an explicit 

ves can only be estimated 

oint is chosen because the observation of waves is done at that point. Also, in 
e vicinity of this site, the water levels have been observed since the late 1960’s. 

The wave gauge was installed about 9 m below the low water level. The influence of 
depth-induced wave breaking on the wave height is negligible (according to Kawai et 
al., 2004).  

ted a the gnificant wave period (Ts). 
ve pe d mode lso de ermin  the nif nt wav . The wave s

, t
pnes

odel  relate  to th k wa  peri . To mp e thes alue he s ificant
ave riod is ransla to th peak riod or n rrow spectra, as in swell from 
istan storms he si spec  pea
eriod pectra of win en w es (‘s ’) ha  a h h freq ncy in w  cas

th
p

period have this mutual relation. From now on only the peak wave period is used and
significant wave period is transla

4.8.3  Wave direction 
The wave direction is often modelled to be correlated to the wind direction. Only the 

ra models by Cooper (1988) and Younpa metric hurricane 
description of the wave direction. The direction is approximately the same as the 
direction of the typhoon wind field. The direction of the waves depends on the 
location of the typhoon centre compared to the point for which the waves are 
computed.  
In the case of the SMB model the wind direction determines the fetch and also the 
direction from which the waves can be expected. Since the direction of the wind and 
the fetch changes constantly, the direction of the wa
roughly and a critical wave direction is therefore not given.  

4.9  Schematisations and simplifications done in modelling 

To be able to apply the models to the Suo-nada Bay situation, some schematisations 
and simplifications have been done. The schematisations and simplifications directly 
show the limitations of these models. The main assumptions concern the choice of a 
point of interest in Suo-nada Bay, the schematisation of the curved wind field, the 
response of the water to the wind field and the use of the SMB wave height model. 

4.9.1 Assumptions in relation to the bay 
The point of interest is chosen to be Kanda Port, inside Suo-nada Bay (Figure 4-14). 

his pT
th
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Figure 4-14: Bathymetry and geometry of Suo-nada Bay with the point of wave observation (Port of Kanda) 

4.9.2 Assumptions in relation to wind field 
Near mountainous coasts, the wind above the sea is often channelled and forced to 
flow parallel to the mountains. Still there will remain a strong curvature in the wind 
field if it passes over the bay. The wind field is not constant but rapidly moving over 
the bay, so the restriction of a constant and uniform wind field over the bay is not 
fulfilled. 
Suo-nada Bay can roughly be compared to a rectangle of 50km by 100km. In Figur
4-15 the distance is given on the horizontal and vertical axe
be made between the dimensions of an average wind field and the dimensions of the 
bay. The maximum wind speed used for the calculation should occur approximately 
over the length of the bay. With the average radius to maximum wind speed given in 
the figure, the bay is relatively small in comparison to the wind field. The wind speed 
at Kanda is used to for the computation of the hydraulic variables related to the wind. 
It is assumed that on the scale of the typhoon system, the wind speed at the Port of 

anda is a valid estimation of the wind speed over the entire bay.  K
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gure 4-15: Example of the surface wind speed distribution relative to the dimensions of Suo-nada Bay  
ith average typhoon parameters ∆p=47hPa; rm=84km; Cfm=33.7km/h; northward movement) 

 
The direction of the wind field changes during the typhoon event. If the typhoon 
centre is very near to the bay the direction of the wind field changes very rapidly. An 
illustration of a typhoon track and the wind speeds over Suo-nada Bay is given in 
Figure 4-16. 
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Figure 4-16: Hourly change in wind speeds over bay during passing of a typhoon  

efore result in a sudden drop of water level or decrease in wave 
g waves and change in inclination of the water level is 
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4.9.3 Assumptions of wind set-up and waves in relation to the wind field 
The friction of the wind over the water surface results in wind set-up and waves. The 
water level is assumed to react instantaneously to the driving force. A sudden drop in 
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4 Assumptions in relation to the SMB wa
T tc t ually computed with a wind from a critical wind direction. That 
implies a h d fie r  n centre is far away, the error 
of this s a n i li e typ centre is near the bay, the 
estimation is harder to justify (Figure 4-16). However for the first order model this is 
a ed t ind d o serva oint is us to determine the 
fetch.  
• Dura fet it
The waves in Suo-nada bay can be either fe  or duration limited (see 
appendix F). The influence of the increased wind field of a typhoon over the bay is 
l no o es lin e side e other. The duration of the 
severe winds over the bay is shorter, but t winds inf nce the ady 
generated waves. The fetch limited wave model is used in this research. 
• Determination of effective fetch for the SMB m

he width of a fetch in basins normally places a very definite restriction on the length 
of the effective fetch. The less the width length ratio, the shorter the effective fetch. 
The SPM’77 gives a procedure to determine the effective fetch. The effective fetch 
distance can be constructed out of a number of radials from the wave station at fixed 
intervals (e.g. 7.5º). The total angle is limited to 45º on either side of the wind 
direction. The radials should be extended until they first intersect the shoreline 
(Figure 4-17). The component of length is multiplied by the cosine square of the 
angle between the radial and the wind direction. The resulting values for each radial 
are summed and divided by the sum of the cosines square of all angles. The average 
depth in the direction of the fetch is computed in a similar way. Figure 4-18 gives the 
fetches in the direction of Kanda. Table 4-1 gives the deterministically computed 
values for Suo-nada bay. 

.9.4 
he fe

ve model 
h leng h is us
 straig t win ld ove  that fetch. If the typhoo
chem tisatio s neg gible. If th hoon 

ssum  and he w irecti n in the ob tion p ed 

tion limited or ch lim ed waves 
tch limited

ong e ugh f r wav travel g from on  to th
hese lue  alre

odel 
T

2

2

cos
cos
i

eff

F
F

β
β

⋅
= ∑

∑
 (4-18) 

2

2

cos
cos
i

eff

d
d

β
β

⋅
= ∑

∑
 (4-19) 

  
Feff Effective fetch length [km]
Fi Fetch in direction i [km]
deff Effective depth [m]
di Average depth in direction i [km]
β Angle between wind direction and direction of the radial [°]
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Figure 4-18: Fetches used for calculating the effective fetch and the effective depth 
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Table 4-1: Effective fetch and depth for all wind directions 
Direction E ENE NE NNE N NNW NW WNW W 
Feff [km] 49.80 43.50 33.22 21.17 15.01 10.48 6.16 3.66 4.23 
Deff [m] 14.9 13.7 10.4 6.6 5.4 4.1 3.0 2.5 2.5 
 

Direction E ESE SE SSE S SSW SW WSW W 
Feff [km] 49.80 46.55 34.04 22.68 14.77 9.74 6.31 5.01 4.23 
Deff [m] 14.9 13.6 8.9 5.0 3.4 2.5 2.5 2.5 2.5 
 

For every direction the waves encounter a different water depth. The model to 
checks the breaking criterion for every direction. Only in a small distance from the 
observation point the water depth increases, related to the shipping channel near the 
Port of Kanda. 

4.9.5 Assumptions in relation to wind set-up 
The wind set-up is caused by the friction between the wind and the water surface. 
Equilibrium is reached with the force resulting from the inclination of the water level. 
This inclination can travel around any obstacle as long as the equilibrium holds. The 
dimensions of the fetch however are not directly clear. The boundary of the fetch for 
the wind set-up has to be chosen carefully. From numerical simulations done by the 
PARI, it followed that the inclination caused by wind set-up starts at the entrance of 
Suo-nada bay (Kawai, personal communication). The wind field is assumed to be 
uniform over the fetch with a magnitude that is estimated with the wind speed in

he
 
 Kanda. The component of the wind in the direction of the bay axis is used for t

computation (Figure 4-19). 
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Figure 4 ematisation to compute the wind set-up at Kanda, with wind speeds transformed to wind spee
the direction of the bay axis 
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5 Deterministic calibration of the 
combined model based on historical 
typhoons 

Some of the models that have been proposed in the previous chapter are calibrated 
and validated with the av ilable observations. The computed storm surge level (wind 
set-up and pressure set-up) together with the wave height and period are only 
determ ministic validation step has been left out due to 

e small number of observations. Only typhoons of which the characteristics are 

oons that landed in that area are used 
B could have 

phoon affects 
uo-nada Bay is small and will not be considered. 

 
Table 5-1: Typhoons that have landed in area A with typhoon characteristics (from Fujii, 1998) 

a

inistically calibrated. A deter
th
known can be used for hindcasting and thus for calibration of the models.  

5.1 Data available for deterministic calibration 

5.1.1 Characteristics of historical typhoons 
The analysis of Fujii (1998) contains the characteristics that describe the different 
historical typhoons that have hit Suo-nada Bay and Kyushu Island. These specific 
typhoon characteristics are given for typhoons between 1955 and 1994 (see 
Appendix D). The Pacific coast can be divided into areas A, B and C for analysing 
typhoons according to Mitsuta and Fujii (1979 and 1986) and Fujii (1998) (Figure 
5-1). This distinction is made because typhoons that struck the western part of Japan 
were significantly different from those that struck the eastern part. Suo-nada Bay is 
assumed to be located in area A. Only the typh
in the analysis (Table 5-1). Typhoons landing on the boundaries of area 

 path in the direction of Suo-nada Bay. The probability that such a tya
S

Year Typh. 
name 

Typh. 
number 

∆p 
[hPa] 

rm 
[km] 

Cfm  
[km/ 
h] 

γ  
[o] 

ap 
[km/h] 

ar
[km/h] 

ac 
[km/h2

] 

ad
[0/h] 

1955 Louise 5522 63.8 97.5 29 -17 0.049 4.3 2.9 6.8 
1957 Bess 5710 48.2 84.5 35 44 0.064 5.0 -3.9 -5.6 
1963 Bess 6309 31.4 105.0 29 25 0.070 9.7 -3.9 -11.6 
1964 Kathy 6414 40.0 77.5 13 -4 0.021 1.5 -0.3 3.5 
1964 Wilda 6420 83.2 50.5 33 29 0.097 6.7 0.6 1.7 
1965 Jean 6515 50.6 50.5 37 29 0.117 10.2 3.6 -3.4 
1969 Cora 6909 43.1 54.0 40 64 0.042 3.4 -1.8 -2.1 
1970 Wilda 7009 47.7 56.0 26 47 0.072 5.9 2.4 -0.9 
1971 Olive 7119 38.1 71.0 27 36 0.068 3.5 1.4 -9.2 
1971 Trix 7123 33.1 123.5 24 18 0.009 -0.8 -2.3 1.9 
1972 Tess 7209 21.2 99.5 15 -63 0.031 -3.4 5.7 7.1 
1976 Fran 7617 42.4 81.0 19 27 0.074 12.7 3.4 2.4 
1980 Orchid 8013 26.9 273.0 76 6 0.010 -29.4 -6.4 1.2 
1981 Ogden 8110 32.3 36.5 22 -42 0.092 3.2 2.0 -1.7 
1982 Ellis 8213 40.9 82.0 18 24 0.050 6.8 3.4 -3.8 
1985 Pat 8513 52.3 52.0 42 -6 0.079 5.0 2.7 0.7 
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Year Typh. 
name 

Typh. 
number 

∆p 
[hPa] 

rm 
[km] 

Cfm  
[km/ 
h] 

γ  
[o] 

ap 
[km/h] 

ar
[km/h] 

ac 
[km/h2

] 

ad
[0/h] 

1991 Kinna 9117 42.2 72.0 40 30 0.108 9.7 2.5 -1.7 
1991 Mireille 9119 69.0 83.5 67 61 0.068 14.6 11.0 -4.5 
1992 Janis 9210 50.9 83.0 38 38 0.073 9.8 -0.6 -1.8 
1993 Yancy 9313 77.1 56.0 44 28 0.100 9.1 1.7 -8.5 
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Figure 5-1: Different areas of typhoon landing as used in the analysis of typhoons by Mitsuta et al. (1979, 1986) and 
Fujii (1998) (background: agora.ex.nii.ac.jp) 

5.1.2 Observations of water level and waves in Suo-nada Bay 
The observations done by the PARI are divided in observations of the storm surge 
level and the observations of the wave height and period.  
• Storm surge level 
The observation of water levels started in 1968. All typhoon induced storm surges, 
starting from 1968 in the Suo-nada Bay area, can be deterministically calibrated with 
the observations. Since the data of only four typhoons is available, these 
observations are used for calibration purposes. The storm surge is the difference 
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between the observed water level and the astronomical tide at that moment. The 

, since the characteristics of the individual historical 
typhoons have not been determi
observations after 1994 can be us
hydraulic boundary conditions. This is subject of the next chapter. In Figure 5-2 the 
data that could be available for calibration and validation is pointed out in a graphical 
way. 
 

observation point is located at Aohama, nearby Kanda. 
• Wave height and period 
The observation of wave height and period in the Port of Kanda (Suo-nada Bay) 
started in the year 1991. The overlap of the typhoons of which characteristics are 
known (of Fujii, 1998) and the observations of the wave properties is only four years 
(i.e. also four typhoons). The observed values will all be used for the deterministic 
calibration of the wave height and wave period model.  
The observations of water level and wave height from 1994 onward cannot be used 
for deterministic calibration

ned yet (Fujii, personal communication). The 
ed for the statistical validation of the modelled 
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 data d be u  calibrat io hydra dary conditions 

ervations were available at the time. In Table 5-2 the individual typhoon names 
and numbers are given with an indication whether they are used for deterministic 
calibration. 
 
Table 5-2: Overview of typhoons that are actually 

Figure 5-2: Overview of that coul sed for ion and validat n of the ulic boun

5.1.3 Typhoons used for calibration and validation 
As mentioned before, a deterministic validation step has been left out since not all 
observations are available. For the wave height all possible observations are 
available, only these are used for calibration purposes due to the small number. The 
deterministic validation would be possible for the storm surge level, but not all 
obs

used for deterministic calibration 
Year Typhoon 

Name 
Typhoon 
Number 

Characteristics 
by Fujii 

Calibration of 
storm surge 
level 

Calibration of 
wave 
characteristics 

1955 Louise 5522 V * * 
1957 Bess 5710 V * * 
1963 Bess 6309 V * * 
1964 Kathy 6414 V * * 
1964 Wilda 6420 V * * 
1965 Jean 6515 V * * 
1969 Cora 6909 V n.a. * 
1970 Wilda 7009 V V * 
1971 Olive 7119 V n.a. * 
1971 TriV 7123 V n.a. * 
1972 Tess 7209 V n.a. * 
1976 Fran 7617 V V * 
1980 Orchid 8013 V n.a. * 
1981 Ogden 8110 V n.a. * 
1982 Ellis 8213 V n.a. * 
1985 Pat 8513 V n.a. * 
1991 Kinna 9117 V V V 
1991 Mireille 9119 V V V 
1992 Janis 9210 V n.a. V 
1993 Yancy 9313 V n.a. V 

* = No observations; V = available; n.a. = not available 
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5.2 Derivation of additional typhoon characteristics 

ble to compare hist
e exact time and positio

To be a orical typhoons with the observations of storm surges and 
wave characteristics, th n of typhoon landing are needed. 

se Standard 
Time9, which differs 9 hours from the UTC. In Table 5-3 the time of landing on the 
boundary of area A is given for the individual historical typhoons. 

5.2.2 Determination of position of landing of typhoons 
The exact position of the typhoon (centre) landing is needed, because the 
characteristics of historical typhoons (derived from Fujii, 1998) and the statistics of 
typhoons (derived from Mitsuta and Fujii, 1986) are given at the time of landing on 
the boundary of area A. To get an idea about the tracks of the typhoons used by 
Mitsuta and Fujii (1986) and Fujii (1998), an overview is given of all typhoon tracks 
with the analysed (severe) typhoons plotted in red (Figure 5-3 and Figure 5-4).  
 

5.2.1 Translation of time of landing from charts to observations 
The historical typhoon tracks are not given by Fujii (1998), but are obtained from 
charts found on a website (agora.ex.nii.ac.jp) with historical track of typhoons in 
Japan. The time scale used for the typhoon track of the agora charts is given in 
Universal Time Coordinate8. The observations are given in Japane

 
Figure 5-3: All typhoons that lan

y Mitsuta and Fujii 
ded in the Kyushu area with the severe typhoons (in red) that landed on the boundary 

(1979 and 1986) and Fujii (1998).  
Left the typhoons in the period 1955-1964; right the typhoons in the period 1965-1974. 

                                                

as defined b

 
 

 
8 Further stated as UTC 
9 Further stated as JST 
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Figure 5-4: All typhoons that landed in the Kyushu area with the severe typhoons (in red) that landed on the 
boundaries as defined by Mitsuta and Fujii (1979 and 1986) and Fujii (1998).  
Left the typhoons in the period 1975-1984; right the typhoons in the period 1985-1994 

 Table 5-3 the positions of landing are given for the historical typhoons relative to 
xes with orientations in northern and eastern direction. Typhoons that occurred in 

the period 1955-1964 are not stated in the table because there are no observations 

 
3

 
In
a

done in that period. 

Table 5- :Time and position of landing 
Perio
d 

Year Typh. 
Name 

Typh. 
No. 

Date 
(relative to 
UTC) 

Time of 
landing of 
typhoon eye 
[hh.mm]  
(UTC) 

Position of 
landing in 
x-direction 
[km] 

Position of 
landing in 
y-direction 
[km] 

1969 Cora 6909 22-08-1969 00.48 51 64 
1970 Wilda 7009 14-08-1970 13.00 16 172 
1971 Olive 7119 05-07-1971 18.54 43 107 
1971 Trix 7123 30-08-1971 14.54 105 8 

1965-
1974 

1972 Tess 7209 23-07-1972 10.18 217 197 
        

1976 Fran 7617 13-09-1976 16.00 16 180 
1980 Orchid 8013 11-09-1980 21.48 111 8 
1981 Ogden 8110 31-07-1981 16.48 158 63 

1975-
1984 

1982 Ellis 8213 27-08-1982 15.24 152 33 
        

1985 Pat 8513 31-08-1985 19.00 70 27 
1991 Kinna 9117 14-09-1991 19.48 14 184 
1991 Mireille 9119 27-09-1991 06.48 8 209 
1992 Janis 9210 08-09-1992 21.36 47 102 

1985-
1994 

1993 Yancy 9313 03-09-1993 06.48 84 18 
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5.3 Analysis of historical typhoon tracks 

With the characteristics and the time and position of landing of the relevant historical 
typhoons, the computed tracks of the hindcasted typhoons can be plotted (Figure 
5-5).  

Tracks of hindcasted typhoons relative to Kyushu Island and Suo-nada Bay
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Figure 5-5: Tracks of hindcasted typhoons from the time of landing onward relative to the chosen axes 
 
In the figure (Figure 5-5), the hindcasted typhoon tracks over Kyushu Island and Suo-
nada Bay can be seen. Some of the computed tracks were significantly different from 
the actual tracks of the historical typhoons. Therefore, the direction of forward 
movement and the change of direction of forward movement of a number of typhoons 
that were obtained from the analysis of Fujii (1998), are adjusted. In Table 5-4 the 
values that have been adjusted are given together with the original values. The 
change of these values might affect the values used for the statistical analysis. This 
change is not accounted for in the further research.  
 
Table 5-4: Adjusted direction of forward movement and change of direction of forward movement 

Year Typh. 
Name 

Typh. 
Number 

γ [o] 
to north 
(Fujii) 

γ [o] 
to east 

γ [o] 
adjusted 
to east 

ad [0/h] 
to north 
(Fujii) 

ad [0/h] 
to east 

ad [0/h] 
adjusted 
to east 

1969 Cora 6909 64 26 - -2.1 2.1 - 
1970 Wilda 7009 47 43 52 -0.9 0.9 -0.5 
1971 Olive 7119 36 54 88 -9.2 9.2 -0.5 
1971 Trix 7123 18 72 - 1.9 -1.9 - 
1972 Tess 7209 -63 153 - 7.1 -7.1 - 
1976 Fran 7617 27 63 - 2.4 -2.4 0.0 
1980 Orchid 8013 6 84 - 1.2 -1.2 - 
1981 Ogden 8110 -42 132 - -1.7 1.7 - 
1982 Ellis 8213 24 66 - -3.8 3.8 - 
1985 Pat 8513 -6 96 - 0.7 -0.7 - 
1991 Kinna 9117 30 60 - -1.7 1.7 -1.1 
1991 Mireille 9119 61 29 60 -4.5 4.5 0.0 
1992 Janis 9210 38 52 - -1.8 1.8 -1.1 
1993 Yancy 9313 28 62 63 -8.5 8.5 0.0 
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5.4 Comparison of calculated and observed wind speed 

For the surface wind speed a comparison is made between the observed surface 
wind speed and the computed surface wind speed. Only for one typhoon (no. 9918) 
of which the typhoon characteristics are not given in the analysis of Fujii (1998), wind 
observations are available. Other literature however gives indicative values for the 
typhoon characteristics (Fujii, 2002) and these are adopted here. It is chosen to 
visually compare the values computed by the classical method (Brunt, 1939) and the 
extended formula derived by Mitsuta and Fujii (1987). 
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Figure 5-6: Calculated values of surface wind speed and observations of surface wind speed during typhoon Bart 
(Characteristics used: ∆p = 73hPa; rm = 42km; Cfm0 = 56km/h; no change rates included and c1=0.03m/hPa) 
 
The two formulae used for the computation of the surface wind speed are given 
below (see for the complete formulae chapter 4). 

(cos sin )s grV V α α= −   Classical 

{ }
1

1( ) ( ) ( ) exp 1 1
mm

s gr p
p p

V V G G G
m

ξ ξξ
ξ ξ

−⎛ ⎞⎡ ⎤⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪⎛ ⎞⎜ ⎟⎢ ⎥= ∞ + − ∞ − −⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎜ ⎟⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭⎣ ⎦⎝ ⎠

  M./Fujii 

Variables as defined before 
 

The computed values match the values of the surface wind speed as can be seen in 
Figure 5-6. The main difference between the two computed wind speeds is that the 
peaks of the Mitsuta and Fujii wind speed are higher and the values beside the peak 
are lower than the wind speed computed with the classical method. The observed 
maximum wind speed is in between both computed maxima. The other observed 
values are more in the range of the simple classical wind speed model. Since not 
only the maximum wind speed is decisive for the hydraulic variables, but also the 
fetch length and water depth, the overall best fitted computed values will give the 
best results in modelling the typhoons. Further, the classical wind speed is lower and 
the duration of high winds above a certain threshold level is longer for the classical 
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method. The choice is therefore made to model the wind speed with the simple 

ith the same observations. The maximal water level is 

eterministically determined by calculation of the square error 

classical wind speed model. 

5.5 Deterministic calibration of the storm surge model 

Since a range of values for the constants in the formulae for pressure- and wind set-
up is given, these constants should be determined for the specific case of Suo-nada 
Bay. The observations at the Port of Kanda only contain the total storm surge level 
on top of the tide level. Therefore, both pressure set-up model and wave set-up 
model have to be calibrated w
of interest for the probabilistic analysis, but the two constants cannot only be 
calibrated based on one value. Therefore all observations (not only the maximum) of 
the storm surge during a typhoon event are calibrated to determine these model 
constants.  

5.5.1 Fitting with least square error technique 
The constants c1 and c2 in the formulae of pressure set-up and wind set-up 
respectively are d
between the computed wind- and pressure set-up combined and the observed total 
storm surge for every observation.  

/
1 ( )(1 )mr r

p ch c p p e−
∞∆ = ⋅ − −  

2

2
sV

c⋅ ⋅w seth F −∆ = up gd

h+ ∆  

efined

sed 
by other phenomena. The first observation of the storm surge during a historical 
typhoon, which is compared to the computed one, is determined by the time of 
landing of the typhoon, since that is the moment for which the initial typhoon 
characteristics are known. The observations (appendix G) within 8 hours from 
landing time are used in the analysis. The least square errors for the different 
parameters c1 and c2 for pressure- and wind set-up are given in Figure 5-7. The 
calibrated values are used for the calculation of the storm surge in Figure 5-8, which 
are stated together with the observed values.  

 

wph h∆ = ∆ w p

Variables as d  before 
 
The two constants c1 and c2 with the overall least square sum for all hindcasted 
storm surges compared to observations are chosen. The time for which the square 
error can be computed is limited to the time for which the storm surge is the direct 
cause of a typhoon. Otherwise, the typhoon system has no more influence on the 
water level and the model is calibrated with observations that may have been cau
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The result is:

Least square error = 1.1065

c1 at least square error = 0.5*10-6[m/hPa]

c2 at least square error = 0.03[-]

 
Figure 5-7: Square errors of observed and computed storm surge for varying constants c1 and c2 
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Figure 5-8: Storm surge calculated with least square constants c1 and c2 in comparison with observations  
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5.5.2 Discussion of deterministic calibration of the storm surge model 
The values stated above can be checked with values used in other analyses. This is 
subject of this sub paragraph. Kawai et al. (2004) state that the wind set-up is larger 
than the pressure set-up for a typhoon induced storm surge (Kawai, 2004b; about 

nts for other 
e compared 

e c e 
error a g 
to the JMA is the following: 

three times larger). On the other hand the JMA (JMA, 1999) found consta
bays (Table 5-5; also used in the analysis of Kato et al., 2002) that can b
to th onstants found for the wind set-up and pressure set-up with the least squar

s computed in this research. The formula for the storm surge level accordin

2(1010 ) cosH a P bW θ= − +  (5-1) 

H Storm surge level [cm]

Table 5-5: JMA values in storm surge analysis (Kawai, personal communication) 

a Constant to determine pressure set-up [cm/hPa]
P Central pressure of a typhoon [hPa]
b Constant to determine wind set-up [cm/m2/s2]
W Wind speed [m/s]

θ Difference between critical wind direction and wind 
direction at wind speed peak [°]

 

Place a b Direction Place a b Direction 
Wakay ma 2.608 0.003 SSW Uno 4.109 -0.167 ESE a
Osaka  0.181 S6.3degE Kure 3.730 0.026 E 2.167
Kobe 3.370 0.087 S24degE Matsuyama 4.303 -0.082 SSE 
Sumoto 2.281 0.026 SSE Takamatsu 3.184 0.000 SE 
 
Constant a can be compared to the constant used for the computation of the 
pressure set-up (c1) and constant b to the constant used for the computation of the 
wind set-up (c2). To compare the value of b with the value of c2 the values have to be 
in the same dimensions (the variables fetch, depth and gravity acceleration are the 
ause of this difference). The average of b is translated to the dimensions of constant 

[m/hPa] 

 = 0  [-] 

C  a factor 2.5 sm he estimate bas
o tude is howev ately the same. The average of constant a 
c th the fitted value
 
The average deviation (above and under) of the estimation of the maximum storm 
surge level is about 25% (0.3m). The standard deviatio rror can be 
c ut the number o . 4 max ons) is too 

in a useful value

c
c2: 

1c  = 0.03 vs  a = 0.03   

-6c  = 0.5 10  vs  b⋅ -6
2 .2 10⋅

onstant c  is2
rder of magni

aller than t ed on the observations. The 
er approxim

oincides wi  of c1. 

n and average e
omputed b f observations (i.e ima during typho

small to obta .  
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5.6 Deterministic calibration of SMB wave height and wave 

hav ecause the bottom depth, the fetch length 
rate 
s fit 

period model 

The SMB model contains empirical parameters. The values of these parameters 
e a broad empirical support. However, b

and the curved wind field have all been schematised, it has been chosen to calib
the SMB model for the Suo-nada Bay case. The parameters µ and ν are used a
parameters for the wave height and the wave period respectively:  
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 (5-3) 

odel [-]

The observed values for the wave height and the wave period during several 
 in Figure 5-9 for 

µ Fit parameter for the SMB wave height model [-]
ν Fit parameter for the SMB wave period m
Further the same as stated in equations 4-13 and 4-15 

 
The values µ and ν are obtained by calibrating the models to the available 
observations. The same least square technique is applied in this case as in the storm 
surge calibration. In this case however only the maximum observed values are 
compared with the maximal computed value for the wave height.  

5.6.1 Fitting with least square error technique 

typhoons are given in appendix G. The least square errors are given
the range of parameters µ and ν, used as fit parameters in the SMB formula. The 
computed values of the wave height and period (with the calibrated SMB model) are 
given in Figure 5-10 and Figure 5-11 respectively. The observed values are also 
plotted in the figures.  
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Figure 5-9: Square errors of different fit parameters for wave height and period 
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Figure 5-10: Observed wave height and calculated (SMB) wave height with calibrated coefficient µ (=0.9)  
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gure 5-11: Observed wave period and calculated (SMB) wave period with calibrated coefficient ν (=1.0) 

um wave height is needed in the probabilistic analysis, that 

The computed maxima for the wave height deviate on average about 20% (0.3m) 
from the observed values. The fit parameter that has been added is calibrated to the 
value of 0.9. This implies that the SMB wave height model predicts the significant 
wave height in the right order of magnitude. The maxima of the computed SMB peak 
wave period deviate in the order of 5% (0.4s) from the observed wave periods. The 
constant used determined by the calibration is 1.0. 

5.7 Deterministic determination of the wave steepness for 
wave period 

The wave period is determined in two ways: with the SMB model for the wave period 
and with the wave steepness model. In this paragraph the wave steepness is 
determined from which the wave period can be computed. The model is based on the 
joint observations of Tp and Hs. The observations are used to calibrate the model. 

Peak period - Typhoon 9313

Tp
 [s

]

Fi

5.6.2 Discussion of calibrated values for the SMB wave height and period 
model 

The hourly fit of the computed values for the wave height and period is poor. The 
model under predicts the observational data points after the occurrence of the 
maximum. This is because the inertia of the wave field is not accounted for properly. 
Since only the maxim
value should be compared to the computed wave height. The maximum is estimated 
reasonably with the model. A point of consideration is that the given observed 
maximum could not have been the actual maximum that occurred, since some 
observational data during typhoons are missing. The malfunctioning of the 
observation instrument under extreme conditions has impact on the quality of 
information for a statistical analysis. The total number of maxima of wave 
characteristics during historical typhoons is small; only four typhoons can be 
compared. 
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5.7.1 The determination of the wave steepness 
The wave steepness is calibrated in another way than the storm surge level and the 
SMB wave height and period model. The steepness of the observed typhoons is 
derived from an analysis of the observed wave height and wave period during the 
same historical typhoons as used for the calibration of the SMB model (i.e. no 9117, 
9119, 9210, 9313). The wave steepness relation is given in the following equation: 

2( , ) s
p s p

p

HT H s
g s

π⋅
=

⋅
 

Tp Peak wave period [s]
Hs Significant wave height [m]
sp Wave steepness [-]
g Gravity acceleration [m/s2]

 
The values of the wave steepness can be found in Figure 5-12 and Figure 5-13 (also 
shown in chapter 3). The values of the wave steepness are independent to the wave 
height above wave heights of 0.5m and prove to be normally distributed. The 
parameters of the normal distribution are determined with a maximum likelihood 
analysis. Since the wave steepness is already determined based on the observed 
wave height and wave period, a calibration step is not useful. 
 

0 0.5 1 1.5 2 2.5 3
0.015

0.02

0.025

0.03

0.035

0.04

Wave steepness versus significant wave height
0.045

Hs [m]

S
p 

[-]

normal distribution
(0.031568; 0.0041583)

Observed values for Hs>0.5m

 
Figure 5-12: Independent wave steepness and wave height for wave heights above 0.5m with normal distribution of 
the wave steepness (typhoons 9117, 9119, 9210, 9313)  
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Figure 5-13: Observed peak period plotted against observed significant wave height (no. 9117, 9119, 9210, 9313) 

n be seen 

e used in the probabilistic analysis. The computed peak 
ave periods and the wave periods computed with the calibrated wave steepness 

 t
t of inter fit er e 
computed wave period.  
 

 
The wave periods that are observed with a wave height under 0.5m are less 
interesting for the research because the research focuses on extreme values. If the 
values of the wave steepness are plotted above this threshold level, it ca
that there is no clear relation between the wave height and the wave steepness. A 
normal distribution is found for the wave steepness and the values of the normal 
distribution are given in Figure 5-12. The model predicts the values of the wave 
height and period reasonably. 
The average wave steepness (i.e. 3.16%) is used in the deterministic hindcasting of 
historical typhoons and is plotted as the green line in Figure 5-13. The properties of 
the normal distribution ar
w
model are given in Figure 5-14. Again, for he probabilist

the hourly 
ic analysis, th
of the obs

e maxima of 
vation to thhe wave period are est and not 
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Figure 5-14: Observed wave period and calculated (wave steepness) wave period using an average wave steepness 
of 3.16% 

5.7.2 Discussion of the two models for the determination of the wave period 
The wave period computed with the steepness model differs only slightly from the 
wave period computed with the SMB wave period model. The computed maxima 
deviate in both cases 0.3 seconds (5%) of the observed maxima. The plotted lines of 
the wave height and the two wave period models have the same curvature. This can 
be explained by the fact that the wave steepness is dependent on the SMB wave 
height. The SMB wave period formula is the same as the SMB wave height formula 
(only different constants). The calibrated wave period with the wave steepness model 
implies an average wave steepness of 3.16%. For the statistical analysis in chapter 6 
the wave steepness model has got advantages over the SMB wave period model. 
Therefore the wave steepness model is further used in the research.  
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5.8 Conclusions about the calibrated model 

The models for the storm surge, wave height and wave period have been calibrated. 
For the statistical analysis, the estimation of the maxima of the observations is of 
importance. The total storm surge level is calculated and calibrated with two 
onstants (c  and c ). The hourly values of the storm surge are used because both 

tudie e 
k alibr stants seem er o e 
c t model. 
The hourly prediction of the wave height and wave period is poor. The model 

nderestimates the observed wave characteristics after the computed maximum. 
This is because the inertia of the travelling waves and water level inclination is not 
accounted for properly. For the statistical analysis, the estimation of the maxima of 
the observations is of importance. This maximum is estimated reasonably well. The 
calibration of the wave height and period model with respect to the maximum 
observed value however is questionable because some observations during extreme 
conditions failed.  
The difference in the SMB wave period model in comparison with the wave 
steepness model is not significant. In the further research the wave steepness model 
will be used because of advantages in the statistical analysis. In Table 5-6 the results 
of this chapter are summarised. 
 
Table 5-6: Overview of calibrated constants and the average errors between observation and the model 

c 1 2
c fitted. If evaluated with reonstants have to be 

, the c
spect to other s

e in the ord
s using the sam

nitude of thind of formulae ated con  to b f mag
onstants used in tha

u

Hydraulic variable Fit constant Error relative Error absolute 
Pressure set-up c1 of 0.03 
Wind set-up c2 of 0.5*10-6 25 % 0.3m 

Wave height SMB fit parameter 0.9 20 % 0.3m 
Wave period SMB fit parameter 1.0 5 % 0.3s 
Wave period steepness steepness of 3.16% 5 % 0.3s 

 
A validation step is needed to determine the uncertainty of the model. The calibrated 
values can actually not be used for this purpose because the observations may be 
reproduced better since they were used in the calibration process. Still the calibrated
observations are used as to give a rough indication of the model uncertainty. 
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5.9 Hindcasted typhoons with computed hydraulic variables 

The calibrated models are now used for estimating the storm surge level, wave 
height and peak period for historical typhoons. All historical typhoons are plotted with 
the modelled water level, wave height and wave period after typhoon landing (Figure 
5-15). Also the typhoon tracks over the Kyushu area and Suo-nada Bay are plotted.  
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Figure 5-15: Water level, wave height, wave period relative to time of landing and position of historical typhoons  
 
Figure 5-15 shows that the prediction of wave height and period is not smooth but 
stepwise. This can be explained because the bay is schematised in a discrete 
number of fetches with accompanying fetch lengths and water depths in order to use 
the SMB model (see Appendix H). If the wind changes from one of the 16 fetches 
into the other, a sudden bend in the graph can be seen. In analogy with Figure 5-15 
the statistical properties of the hydraulic variables will be determined in the next 
chapter. 
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6 Probabilistic analysis of typhoon 
related hydraulic boundary conditions 

In this chapter the probabilistic properties of the hydraulic boundary conditions are 

on of 
e joint probability density function is given with respect to a failure mode. 

6.1 An overall model for probabilistic analysis of hydraulic 
loads 

The overall model for the probabilistic analysis of hydraulic loads depends on 
different input variables. The input distributions are the typhoon characteristics, the 
astronomical tide and the basin geometry and bathymetry. Dependence models have 
been presented in the previous chapter, resulting in the determination of the 
hydraulic boundary conditions. The variables and the models necessary to describe 
the JPDF of the hydraulic boundary conditions are stated in Table 6-1. 
 
Table 6-1: Models necessary to describe the JPDF of hydraulic conditions 

determined. The distributions of water level and wave conditions can be obtained via 
the input probability distributions of typhoon characteristics and the calibrated 
dependence model from the previous chapter. The marginal and the joint probability 
density functions of the hydraulic variables are derived. The marginal and joint 
probability distributions are statistically validated afterwards. Finally, an applicati
th

Variable Type of variable Model describing variable 
Typhoon parameters Input  Probability model 
Tide level Input  Probability model  
Basin geometry / bathymetry Input  Probability model (deterministic) 
   
Pressure field Intermediate Dependence model 
Pressure set-up Intermediate Dependence model 
Wind field Intermediate Dependence model 
Wind set-up Intermediate Dependence model 
Water depth Intermediate Dependence model 
   
Total water level  Output / Intermediate Dependence model 
Wave height Output / Intermediate Dependence model 
Wave period Output Dependence model 

 
The joint probability density function of a set of variables can be written as the 
multiplication of a set of conditional probability density functions and the probability 
density functions of the input variables. The conditional distribution of any hydraulic 
variable is obtained by combining a physical dependence model with the probability 
density functions of the input variables. The behaviour of the physical model depends 

scription of the hydraulic on the geometry and bathymetry of the basin. In the de
conditions, the following elements need to be established: 
- Probability density functions of the typhoon characteristics 
- Distribution of the tide level 
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- Deterministic values of basin geometry and bathymetry 
The following models are used as dependence model: 
- Dependence model for pressure set-up as a function of atmospheric pressure 

Dependence model for wind set-up as a function of wind speed and the tide level 

In order to perform a
characteristics, tide leve
probability distributions10. The probability distributions of the typhoon characteristics 
are given by Mitsuta and Fujii (1979, 1986). For the average change rates of 
characteristics after typhoon landing values given by Fujii (1998) are used. Both 
analyses have the same method of analysing the typh
typhoon characteristics. Therefore, the deterministic typhoon characteristics (Fujii, 
1998) and the statistical properties of typhoon characteristics (Mitsuta and Fujii, 
1979, 1986) can both be used. The modelled typhoons have statistical characteristics 
similar to the historical typhoons that struck the Japanese main islands between 
1951 and 1984. 

6.2.1 Number of typhoon landings in a year and position of landing 
• Number of landings in a year 

The number of landings in a year is estimated with a Poisson distribution. The mean 
value f r the  insight in 
distribution func

• cation
The direction of forward movement is unchanged throughout the path (see next sub 
paragraph Th ed starting from the 
position of landing in each area. This position is generated assuming a uniform 

robability in the width of the area, seen in the direction of motion of the typhoon 

 km is given in Figure 6-1). 

- 
- Dependence model for wave conditions (wave height, wave period) as a function 

of the wind speed and total water level 

6.2 Probabilistic input parameters for typhoon modelling 

 Monte Carlo analysis, the input variables (typhoon 
l and geometry/bathymetry) have to be described with 

oons and determining the 

o Poisson distribution is 1.04 for area A. To get an this 
tion, the PDF is given in Figure 6-1. 

 on the boundary of the area Lo  of landing

). erefore the course of the typhoon can be generat

p
(Mitsuta and Fujii, 1986a). An example of the uniform distribution for an arbitrary 
width of 200
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Figure 6-1: Poisson distribution for the number of 

6.2.2 Probabilistic typhoon characteristics at time of landing 
The probabilistic typhoon characteristics at the time of landing are assumed to be 
lognormally distri
distributions of ce
speed of forward movement and direction of forward movement are given in Figure 
6-2. Th ccom ve  
Table 6-2. The clostrophic wind speed differs with the value of 

                          

f po
s(p

os
)

landings in a year and uniform distribution of position of landing 

buted (according to the analysis of Mitsuta and Fujii, 1986). The 
ntral pressure depth, radius to maximum cyclostrophic wind speed, 

e a panying cumulative lognormal values for the distributions are gi
radius to maximum cy

n in

                       
10 Deterministic variables used for geometry and bathymetry are special cases of probability distributions 

  
Delft University of Technology Dutch Ministry of Public Works and Water Management 

 



6 Probabilistic analysis of typhoon related hydraulic boundary conditions 89 
  

 

the pressure depth. Therefore the typhoons are divided in three classes of pressure 

of forward movement relative to the east. The use of the lognormal 
distribution for the direction of forward movement seems to have no physical 
background, but is still adopted in the probabilistic analysis. 

 

depth at the time of landing. The direction of forward movement is defined as the 
direction 

 
Table 6-2: Typhoon characteristics and the values that describe their cumulative lognormal distributions 

Typhoon characteristic Symbol Dim. Application Lognormal 
parameter µ 

Lognormal 
parameter σ 

Central pressure depth ∆p  [hPa] Area A 3.60 0.38 
Forward movement of typhoon Cfm  [km/h] Area A 3.40 0.38 
Direction of forward movement γ  [deg] Area A 4.20 0.45 

  0  < ∆p < 30 4.61 0.31 
rm [km] 30< ∆p < 45 4.39 0.59 Radius to maximum 

cyclostrophic wind seed 
  45< ∆p 4.26 0.41 

 
For the typhoon characteristics the PDFs are plotted in Figure 6-2. 
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gure 6-2: Probabilistic typhoon characteristics used as input variables for the Monte Carlo analysis 

 in typhoon characteristics after landing are not defined as input 
ariables in the total model. However they are influenced by these values and 

es more accurately 
than the analyses by Misuta and Fujii (1979, 1986). The change in typhoon centre 
direction is mostly within +

m
(C

fm
)

Fi

6.2.3 Changes of typhoon characteristics after landing 
The changes
v
therefore described here. In the analyses used (Mitsuta and Fujii, 1979, 1986), the 
characteristics are determined at the moment of typhoon eye landing. The change 
rates are determined starting from that moment. The change rates are derived from 
the analysis of Fujii (1998), because that analysis states the valu

5º/h and is therefore assumed not to change for several 
hours a r land f the change of typhoon characteristics are stated in 
Table 6
 

fte
. 

fall. The values o
-3
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Table 6-3: Change rates after landfall for different areas and parameters 
Change of characteristic Symbol Dimension Value 
Central pressure depth  ap [h-1] 0.065 
Radius to maximum w ar [km/h] 4.9 ind 
Forward movement ac [km/h2] 1.4  

Directio orwa ad [º/h] 0.0 n of f rd movement  

6.2.4 put va tide level and basin geometry 
or the analysis of the water level the tidal level has to be computed. To determine 

has been constructed with the astronomical tide calculated at Aohama (near 
Kanda) for every 10 minutes (www.mobilegeographics.com). From this database 
(Figure 6-3), the tide at the time of typhoon landing is drawn randomly (uniform over 
the tota umbe vels are consecut  
drawn the unt for the natu  
pattern eme circumstances are however not included in this approach  

nly tw rs  seasonal variation in tidal 
vel is based on a 
derestimated (ca. 

In riables of 
F
the tidal level during the passing of the typhoon, a database of two years of tidal 
levels 

l n
m 

r of individual tide levels). The following tide le
 steps afterwards to acco

ively
fro  database in the time ral tide

, since. Extr
o yeao  of tide levels have been used. Also, the

level is not taken into account in this method, because the tide le
w ole year of predicted tide levels. The tidal level is thus slightly unh
0.1m) for the typhoon season. 
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Figure 6-3: Database of tides relative to low water level at Aohama as used in modelling (divided in 20 classes) 

duration that is much larger than the other, the combined 
maximum can be estimated to happen approximately around the maximum of the 
variable of which the period is an order of magnitude bigger. If the magnitude differs 

 tidal period, but approximately in the same 
order of magnitude (see
than the maximum of the storm surge level, but often in the same order of magnitude. 
Both phenomena and their individual probability of occurrence have to be taken into 

 
The proportion of the tidal water level relative to the storm surge level has got a 
major influence on the maximum total water level that may occur. If one of the 
phenomena has got a 

considerably, the influence of the dominant variable will play a big role in the 
combined maximum.  
In the case of the storm surge and the tidal level at Suo-nada Bay, the period of the 
storm surge is slightly longer than the

 Figure 6-4). The maximum value of the tidal level is bigger 
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account. The ti ave a stronger influence on the total water level 
ecause the magnitude exceeds the magnitude of the storm surge level for lower 

wind speeds. 

dal level will also h
b

 

Observed storm surge and tidal water level during typhoon 
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Figure 6-4: Comparison of storm surge level and tidal water level during typhoon Bart (9918) 
 
The deterministic basin geometry and bathymetry as determined in chapter 4 are 
used as input parameters.  

draulic boundary conditions can be 
omputed for every typhoon with the use of the combined model as derived in 
hapter 3. The maxima of every water level, wave height and period can be placed in 

 cumulative distribution function11.  

6.3.1 Simultaneous occur
As stated before, the maximum value of every hydraulic variable will be derived for 
every typhoon. During a typhoon, the occurrence of the extreme water level does not 
have to occur simultaneously with the maximum wave height or wave period. Since 
only the maxima and not the hourly values of the hydraulic variables 
estimated, the exact joint occurrence of the maxima is not accounted for; there may 
in practice be a deviation of an hour between the values. They are conservatively 
estimated to occur simultaneously because only the maxima of the hydraulic 
variables are used in the statistical analysis. The joint values (of the maxima) of the 
hydraulic variables are taken into account and will be used in the analysis of the joint 
probability density functions.  

                   

6.3 Marginal distributions and exceedance curves of 
hydraulic loads 

With the randomly drawn typhoon parameters, the tidal water level and the 
deterministic geometry/bathymetry, the hy
c
c
increasing order to compose a complementary

rence of maxima  

were reasonably 

                              
11  A desc ing cum tion function, further stated as CCDF end ulative distribu

  
Port and Airport Research Institute Japan MSc Thesis E.N. Klaver 

 



92 Probabilistic analysis of typhoon induced hydraulic boundary conditions for Suo-nada Bay 
  

 

6.3.2 Positions of calculated maxima in exceedance plot 
the cumulative probability distribution, the 

bservations are put in order of increasing magnitude. There are several conditions 
that the plot positions have to meet. Different methods are used for plot positions in 

e of the plot position 

To determine the parameters of 
o

statistical analyses. The following approximation of the ordinat
given by Bernard / Bos – Levenbach is used (see Vrijling et al., 2002). 

0.3
0.4

i
N

−
+

  (6-1) 

i Position of data point in increasing order [-]
N The number of data points [-]

 
Further, the maxima are determined per typhoon and not per year. Since the 
exceedance probability of hydraulic boundary conditions per year is of interest and 
not per typhoon, the ratio between these two has to be taken into account. The 
probability is therefore multiplied by the ratio of the number of typhoons and the 
number of years. This results in an exceedance probability per year. 

6.3.3 Number of years of simulations 
To calculate the maxima of the hydraulic variables, a number of simulations has to be 
executed to get stable results. Three times simulations for the same number of years 
have been done and plotted in the same graph (for 10 years, 100 years and 1000 
years of simulation). The results for the maxima of the peak period are plotted in 
Appendix I. It can be seen that the CCDF converges with the number of years of 
simulation. Since the level of probabilities of exceedance is dependent on the (not yet 
determined) level of protection, the exact number of years of simulation is not known. 
Because of capacity limits in computation, 10000 years of simulations will be done. 

6.3.4 Types of distributions of hydraulic variables  
The exceedance curves for the water level, the wave height and the wave period are 
obtained together with the track of the typhoons over Kyushu Island and Suo-nada 
Bay (Appendix J). The typhoon tracks all start at the boundary of area A.  
A distribution type is fitted to the dataset of 10000 maxima for the total water level, 
storm surge level, the wave height and the wave period. The choice of the 
distributions was done visually12. The parameters were determined with ML 
estimation. The computed parameters for the probability distributions are given in 
Table 6-4 for the total water level, the tidal water level, the storm surge level, the 
wave height and the wave period. Further, intermediate variables are fitted that are 
used later in this chapter. 
 
Table 6-4: MLE values of parameters of fitted distributions 

Typhoon characteristic Symbol used Distribution 
type  

Distribution 
parameter 

Distribution 
parameter 

Total water level (increase) deltah Lognormal 1.31 (µ) 0.124 (σ) 
Tidal water level* dhtide Weibull 3.49 (a) 9.53 (b) 
Storm surge level* dhwp Lognormal -0.606 (µ) 0.522 (σ) 
Significant wave height Hs Normal 1.45 (µ) 0.452 (σ) 
Peak period Tp Normal 5.39 (µ) 0.947 (σ) 

* Intermediate hydraulic variables used later in the research 

6.3.5 Derived marginal probability density functions of hydraulic variables  
The dataset calculated with the Monte Carlo analysis is plotted together with the 
probability distributions in Figure 6-5. 
 
                                                 
12  The computer program Bestfit (Bestfit, 1993) was used, but the program appeared to give erroneous results 
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Figure 6-5: Exceedance plots for the hydraulic variables for 10000 simulations 

• Discussion of results 
The marginal probability distributions fit to the average values of the computed 
(Figure 6-5). The tail of the distributions however deviates from the fitted 
distributions.  

6.3.6 Fitting the tails of the marginal probability density functions 
The tails are analysed separately to obtain better results for the distributions of the 
hydraulic variables. Only the highest values (the top 10 data points, or 0,1%) of the 
dataset are used to determine the distribution function of the tail. With a high 
threshold level, the distribution function of exceedance may be approximated by the 
Generalized Pareto Distribution (according to the limit theorem of Balkema and de 
Haan (de Wit et al., 2003)). The Generalized Pareto Distribution is fitted to the tail of 
the hydraulic variables using a least square analysis, resulting in the parameters as 
stated in Table 6-5. The results are plotted in Figure 6-6. 
 
Table 6-5: Parameters of fitted GPD on the top 10 simulation points 

 

Typhoon characteristic Symbol GPV parameter θ GPV parameter a 
Total water level  dh 26.1 5.279 
Significant wave height Hs 15.0 2.897 
Peak period Tp 17.9 8.300 
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gure 6-6: Tail of exceedance probability functions derived from the top 10 simulated data points 

• Conclusions about marginal probability distributions  
 obtained. 

tributions. However the results 
f the best distribution should be 

replaced by a Chi-square test to obtain the distribution type that fits the data points 
best. The distribution of the total water level and the storm surge level can be 
described with a lognormal distribution. The tidal water level can be described with a 
Weibull distribution. The wave height and the wave period can be described with a 
normal distribution. The tails of the marginal probability density functions however 
deviate form the fitted distributions to the complete dataset. Therefore a threshold is 
used to fit only the top 10 data points, to obtain the tail distribution. The Generalized 
Pareto Distribution was fitted according to the theorem of Balkema and de Haan. 
This distribution type is applied to describe the tail of the hydraulic variables. If more 
simulations are done, the tail can be estimated better. The following values of the 
hydraulic parameters can be estimated with different return periods (Table 6-6). 
 
Table 6-6: Return periods of hydraulic variables 

Fi
 

The optimal marginal probability distributions of the hydraulic variables are
The package Bestfit was used to obtain the best dis
appeared to be erroneous. The visual determination o

Return period [1/year] Dimension 10-3 10-4 10-5

Total water level [m] 5.5 5.7 6.3 
Significant wave height [m] 2.9 3.4 3.9 
Peak wave period [s] 8.3 9.4 10.8 

 

  
Port and Airport Research Institute Japan MSc Thesis E.N. Klaver 

 



98 Probabilistic analysis of typhoon induced hydraulic boundary conditions for Suo-nada Bay 
  

 

6.4 Joint probability density functions of hydraulic variables 

The marginal probability density functions have been derived for the hydraulic 
variables. For several reliability functions, more than one hydraulic variable have to 
be taken into account as pointed out in chapter 2. In that case, the JPDFs have to be 
used instead of the marginal PDFs. The hydraulic variables that have to be taken into 
account are the total water level, the wave height and the peak wave period (Chapter 
2). The JPDFs of different combinations of the variables are determined. The 
correlation between two variables needs to be investigated and, if possible, explained 
by the physical relations between the variables. From the JPDFs, the conditional 
PDFs are determined. 

6.4.1 Comparison correlated versus not correlated 
The difference between hydraulic variables that are independent and hydraulic 
variables that are dependent is pointed out in this paragraph as an example (Figure 
6-7). The distribution of the independent hydraulic variables is derived from random 
plotting of the marginal distribution functions. The other figure states the actual 
derived joint values of hydraulic variables (wave height and storm surge level).  
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Figure 6-7: Figure w dence (t ende n w  storm
 
The correlation coefficient R2 is  used to ribe the co tion between two 
varia  For example the lation coe nt is derive  the first  the 
value of R2 is cause of the pendenc  the second case the correlation 
coeff t is 0.75. If the values w fully corre  the value would be 1.0. A strong 
correlation appears to be prese  the relati etween the rm surge  the 
wave height and may not be neg d in analy the JPDFs.

f peak wave period versus wave height 
pendent variables the JPDF of the variables can simply be 

ght, the 

ith indepen op) and dep nce (bottom) betwee ave height and  surge level  

 often  desc rrela
bles. this corre fficie d. In case

 0 be  inde e. In
icien ere lated

nt in on b  sto  and
lecte sing  

6.4.2 JPDFs o
 the case of two indeIn

obtained by multiplying their marginal probability density functions (as could be seen 
in the previous sub paragraph). However, since there is dependence between the 
hydraulic variables this approach cannot be used. The joint distribution can be 
obtained via independent variables that are related to the hydraulic variables (that 
have to be described with the JPDF). 
 
For the derivation of the JPDF of the wave period and the wave hei
independence of the wave steepness and the wave height can be used. The 
marginal probability density functions of the wave height and the wave steepness can 
be multiplied. The following transformation of the independent marginal probability 
density functions has to be done (after Vrijling et al., 2002):  

,s p s pH T H sf f f J= ⋅  (6-2) 

1

0

s s s s s

s p s p p p

p p p p p p

s p s p p

H H H H H
H T H T T s

J
s s s s s T
H T H T T

∂ ∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂ ∂

= ⇒ = =
∂ ∂ ∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂

 (6-3) 
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fx,y Joint probability density function of variables x and y [-]
fx Marginal probability density function of variable x [-]
J Jacobian 

y
x

∂
∂

 Derivative of variable y with respect to variable x 

 
The joint probability density function and the simulated dataset are both plotted in 
Figure 6-8 

 
Figure 6-8: Joint probability density function and computed dataset of peak period and wave height 
 
A good agreement between the simulated dataset and the JPDF can be seen. The 
tails of the marginal probability density functions do not properly describe the 
extreme computed data points. Therefore in the highest region the model does not 
cover the computed values completely. 
 
With the JPDF of wave height and wave period, the conditional PDF can easily be 
derived (Vrijling et al., 2002): 

,

( )
s p s p

p s
s s

H s H s

T H
H H

f f f
f J

f f

⋅
= = ⋅  (6-4) 

p

p

s
J

T
∂

=
∂

 (6-5) 

fx|y Conditional probability density function of variable x with 
respect to variable y 

[-]
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fx Marginal probability density function of variable x [-]
J Jacobian 

 
The result is plotted in Figure 6-9 and is in line with the JPDF and the simulated 
dataset. 

 
Figure 6-9: Conditional PDF with computed data of wave period dependent on wave height 

h  (6-7) 

And therefore: 

 (6-8) 

∆h Total water level increase [m]
∆htide Tidal water level [m]
∆hp Pressure set-up [m]
∆hw Wind set-up [m]
∆hwp Storm surge level [m]

 
The relation between the tidal water level, the storm surge and the wave height 
needs to be derived to use the independence between tidal water level and storm 
surge in the determination of the JPDF of the total water level and the wave height. 
The relation between wave height and storm surge level can be found via the wind 
speed. The wind speed is explicitly included in the wind set-up and the wave height 
and implicitly in the pressure set-up.  

6.4.3 JPDF’s of wave height and total water level 
From the previous section it can be concluded that two independent variables are 
needed to describe the JPDF and that these variables must be related to the 
hydraulic variables that are described with the JPDF. The total water level is the sum 
of two independent contributions: the tidal water level and the storm surge level (sum 
of wind and pressure set-up) 

tide p wh h h h∆ = ∆ + ∆ + ∆  (6-6) 

wp p wh h∆ = ∆ + ∆

tide wph h h∆ = ∆ − ∆
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First of all is the tidal water level is independent of the wind speed. This can be seen 
in Figure 6-10: 

 
Figure 6-10: Relation between tidal water level and wind speed  
Because of the classes used for the tidal water level regularity seems to appear 
 
A number of lower values of tide level are found in regions of higher wind speeds. 
This is because the total maximum water level is then built up of larger values of the 
storm surge. 
 
Now the relation of the storm surge level and the wind speed has to be determined.

 set-up. The relation
etween the pressure set-up and the wind speed is given in Appendix K and is found 

via the central pressure depth which determines the wind speed: 

c  

∆ ⋅

w [m]

torm surge level and the wind speed, the following relation is 
valid: 

∆

 
 The storm surge is the sum of the pressure set-up and the wind

b

2 +::p s sh aV bV∆ +

∆hp Pressure set-up [m]
Vs Surface wind speed [m/s]
a Constant  [s2/m]
b Constant  [s]
c Constant  [m]

 
The wind set-up is explicitly related to the quadratic wind speed. The following 
relations hold: 

2::w sh c V  

∆h Wind set-up 
Vs Surface wind speed [m/s]
c Constant  [s2/m]

 
With respect to the s

2 bV c+ +  ::wp s sh aV

  
Delft University of Technology Dutch Ministry of Public Works and Water Management 

 



6 Probabilistic analysis of typhoon related hydraulic boundary conditions 103 
  

 

∆hwp ind and pressure set-up) [

,c 

n is confirmed by to the simulated dataset (Figure 6-11) 

Storm surge level (w m]
Vs Surface wind speed [m/s]
a,b Constants of a not yet determined value 

 
This relatio

 
Figure 6-11: Quadratic relation between storm surge and wind speed, fitted with least square line 
 
The wave heig eed via the SMB model. The expression 
however cannot be stated explicitly. Therefore, the simulated dataset is used to 

ht is related to the wind sp

derive the relation between wave height and wind speed. The wave height appears 
to be proportional to the wind speed (Figure 6-12). 

::s sH V  

This relation is confirmed if the SMB model is analysed more in depth. The upper 
 boundary of wave heights is determined by the limitation of the fetch length

(Appendix L). 
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Figure 6-12: Relation between wave height and wind speed with least square line 

The interest however is the inverse 
From p ical if there is no wind speed. 
The following in

 
The derived relation between storm surge and wind speed could be defined as: 

2::h aV bV c∆ + +  wp s s

dependence of wind speed on storm surge level. 
hys point of view, the storm surge level is zero 

verse expression can therefore be stated: 

::s wph  V b ∆

 now be derived. In 
e no value if 

there is no wind speed: 

The relation between the wave height and the storm surge can
this case it should also be taken into account that both variables hav

::s wpH b h∆  

The shape of the derived physical relation is confirmed by the simulated dataset. The 
ained from the simulated dataset and 

appears to be 1.96 (see Figure 6-13). 
value for the constant in the formula can be obt

1.96s wp

H

H h= ∆  (6-9) 

s Significant wave height [m]
∆hwp Storm surge level [m]
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Figure 6-13: Relation between wave height and storm surge with least square line 
 
The tide level is related to the wave height in the SMB wave height model. The 
relation is however very weak as can be seen in Figure 6-14. The variables may 
therefore be assumed to be independent. 

 
Figure 6-14: Relation between wave height and tidal water level 
 
The same phenomenon occurs as could be seen in the relation between tidal water 
level and wind speeds (Figure 6-10). In the regions where the high values of the 
storm surge determine the maximum water level, the wave height will have larger 
values and the tidal water level will be lower. 
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The following expression can now be stated: 

, s tide wpdh H dh dhf f f= ⋅ ⋅ J  (6-10) 

1 0

1

tide tide tide tide

s s wp
wp

pw pw pw pw s
s

s s

dh dh dh dh
dh H dh H dh

dhJ
dh dh dh dh H

H
dh H dh H

∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂

∂= ⇒ = =
∂ ∂ ∂ ∂ ∂

∂
∂ ∂ ∂ ∂

 (6-11) 

21.96
1.96

wp s
s wp

s

dh HH dh
H

∂
= ⇒ =

∂
 

dh Total water level increase [m]
dhwp Storm surge level [m]
dhtide Tidal water level [m]
Hs Significant wave height [m]
J Jacobian 

 
The results are plotted in Figure 6-15 
 

 
Figure 6-15: Contour plot and computed dataset of wave height versus total water level 
 
The simulated dataset is in line with the JPDF. The values should be within the limits 
of the contours because the simulation is done for 10000 years. The extreme tail is 
reasonably estimated by the JPDF 
 

  
Delft University of Technology Dutch Ministry of Public Works and Water Management 

 



6 Probabilistic analysis of typhoon related hydraulic boundary conditions 107 
  

 

Again, with the obtained JPDF the conditional PDF can be obtained. The hydraulic 
variables are now given in another order so the Jacobian changes: 

( )
tide wp

s

dh dh
H dh

dh

f f
f J

f

⋅
= ⋅  (6-12) 

( )

0 1tide tidedh dh∂ ∂

1s

s wp
wpH dh

wp wp s
s

dh H dh
dhf J

dh dh H
H

dh H

∂ ∂ ∂
∂⇒ = = = −

∂ ∂ ∂
∂

∂ ∂

 (6-13) 

s

21.96
1.96

wp s
s wp

dh HH dh
H

∂
= ⇒ − =

∂
 

s

vel increase [m]
dh Storm surge [m]

The d and the results are given in Figure 6-16 

dh Total water le
wp

dh Tidal water level tide [m]
H Significant wave height [m]s
J Jacobian 

 
 relations can be plotte

 
Figure 6-16: Conditional PDF and computed data of wave height dependent on the total water level 
 
The results are in line with the presented JPDF. 
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6.4.4 JPDFs of wave period and total water level 

e total water level and the wave period can be determined. The following 
lation between wave height and wave period holds according to the wave 

In analogy with the derived JPDF of the total water level and the wave height, the 
JPDF of th
re
steepness model: 

::p sT H   

Therefore the following relation between wave period and wind speed can be stated, 
 wave height is proportional to the wind speed: because the

::p sT V   

This is confirmed by the simulated dataset (Figure 6-17) 

 
Figure 6-17: Relation between wave period and wind speed with least square line 
 

 value, if there is no wind speed the following 
The relation between wave period and storm surge can now be derived. Taking into 
account that both variables have no
holds: 

4::pT b h∆ wp  

heT  constant in the formula is obtained wit h the least square method fitting the 
simulated dataset with this physical relation. The constant in the formula is 6.32: 

46.32T h= ∆  p wp (6-14)  

Tp Peak wave period [s]
∆hwp Storm surge level [m]

The shape of the physical line is confirmed by the simulated dataset (Figure 6-18). 
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re 6-18: Relation between wave period and storm surge with least square line Figu

 

hol eight 

6-1

The relation between wave period and tidal water level is also very weak. The same 
ds as in the previous analysis of wind speed and tidal water level and wave h

and tidal water level in regions of lower tidal water levels (Figure 6-10 and Figure 
4). 

 
Figure 6-19: Relation between peak period and tidal water level 
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This results in the following JPDF.  

, p tide wpdh T dh dhf f f J= ⋅ ⋅  (6-15) 

1 0

1

tide tide tide tide

p p wp
wp

dh dh dh dh
dh T dh T dh

dhJ
dh dh dh dh

∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂

∂= ⇒ = =
∂ ∂ ∂ ∂wp wp wp wp p

p
T

T
T

∂
∂

∂

 (6-16) 

pdh T dh∂ ∂ ∂ p

4
4

6.32 wp p
p

dh T
T

∂
=

6.32wp
pT∂

dh Total water level increase [m]
dh

dh ⇒ =  

wp Storm surge level [m]
dhtide Tidal water level [m]
Tp Peak period [s]
J Jacobian 

 
The JPDF is given in Figure 6-20 together with the computed data 

 
Fi re 6-20: Contour plot wave period versus total water level  gu

he
eri

 
T  distribution is not completely in line with the dataset. Some extreme wave 

ods are present in the region of lower total water levels. p
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The conditional PDF can also be obtained for the peak period dependent on the total 
ter level The Jacobian changes with respect to the Jacobian used for the JPDF: wa

tide wp

p

dh dh

T dh
dh

f f
f J

f

⋅
= ⋅  (6-17) 

0 1

1p

p wp
wpT dh

wp wp

dh T dh
dhf J

dh dh T

∂ ∂ ∂
∂⇒ = = = −

∂ ∂ ∂
 (6-18) 

tide tidedh dh∂ ∂

p
p

p

T
dh T

∂
∂ ∂

4
4

6.32 wpdh T
T dh

∂
= ⇒ − =

6.32p wp
pT∂

 p

dh Total water level increase [m]
dhwp Storm surge level [m]
dhtide Tidal water level [m]
Tp Peak wave period [s]
J Jacobian 

 
The result is plotted in Figure 6-21 

 
Figure 6-21: Conditional PDF and computed data set of peak period dependent on the total water level 
 
The conditional PDF is in line with the derived JPDF. 
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6.4.5 Conclusions concerning the Joint probability density functions 
The JPDF of the hydraulic variables and the conditional PDF have been presented. 
For the JPDF independent variables related to the hydraulic variables that are 
described with the JPDF were needed. The relation between the wave height and the 
wave period was determined via the independent relation between wave steepness 
and the wave height above a threshold level of 0,5m. The relation between the total 
water level and the wave height and period is found via the independence between 
the storm surge level and the tidal water level. The relation between the wave height 
and period and the storm surge level is derived with the joint relation with the wind 
speed. The derived physical relations are confirmed by the simulated dataset and the 
constants needed for the description are determined with the least square method, 
fitting the computed dataset.  
Agreement of the JPDF and the computed data set of the wave height and total 
water level is good. The agreement of the JPDF and the computed data set of the 
wave period and the total water level is reasonable. In regions of lower total water 
levels some extreme wave periods seem to occur. A better fit of the marginal 
probability density functions to the tail could lead to slightly but not significantly better 
results. The input distribution of the tidal water level should be accounted for properly 
in a further analysis. 
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6.5 Statistical validation of hydraulic boundary conditions 

 PDFs can be evaluated with a small number of 
observ
values  to the probability distributions 

6.5.1 

typhoo
typhoons selected by Mitsuta and Fujii (1979

se typhoons, and the statistical validation 
cannot
980hPa
Mitsuta nd Fujii (1998). This results in the typhoons that are 

ions are available or not is also stated in the 

  

The marginal PDFs and the joint
ations of the total water level, the wave height and the wave period. The 
available for statistical validation are compared

as derived in the previous paragraphs. 

Data available for statistical validation 
 are used for the calibration of the model cannot be used for the The observations that

statistic validation, because the results may be positively affected by calibration. The 
ns after 1994 have to be submitted to the same selection criteria as the 

, 1986) and Fujii (1998). If not, the 
re not applicable to thestatistic properties a

 be done. The area of landing (Area A) and the central pressures (below 
) of the historical typhoons after 1994 have to be identical to the analyses of 
 and Fujii (1979, 1986) a

stated in Table 6-7. Whether observat
table. 

Table 6-7: Overview of typhoons and observations that can be used for statistical validation 
Year Typhoon 

Name 
Typhoon 
Number 

Total water level 
[m] 

Wave height 
[m] 

Wave period 
[s] 

1995 Ryan 9514 3.80 1.46 5.67 
1996 Eve 9606 n.a.* n.a. n.a. 
1996 Kirk 9612 n.a. n.a. n.a. 
1997 Peter 9708 n.a. 1.62 6.11 
1997 Oliwa 9719 4.39 1.90 6.33 
1998 Zeb 9810 3.97 n.a. n.a. 
1999 Bart 9918 5.29 3.46 9.00 
2004 Chaba 0416 4.75 1.58 5.33 
2004 Songda 0418 4.09 2.00 6.33 
2004 Meari 0421 4.24 1.23 4.78 

* not av

To com
put in 
Levenb en the number of observations 

servations have been done must also be 

6.5.2 
The ma
period are used in this paragraph to statistically validate the model. In Table 6-7, the 

ven with the observations. The distributions and the observed values 
are plo
height 

 
 
 

ailable 
 

pare the marginal PDFs with the observations, the observed values are also 
increasing order and compared to the exceedance curve (Bernard, Bos 
ach, see paragraph 6.3.2). The ration betwe

and the number of years in which the ob
taken into account. 

Statistic validation marginal distributions of hydraulic variables 
rginal PDFs of the computed maxima of total water level, wave height and 

typhoons are gi
tted together in Figure 6-22 for the total water level, Figure 6-23 for the wave 
and Figure 6-24 for the wave period. 
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23: Statistical validation of the exceedance probability function of the wave height Figure 6-
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Figure 6-2 al validation of the exceedance probability function of the wave period 
 
• Dis

eory and the historical data but conclusions on the 
extrapo
to be s of 

The ex
the mo tion could not be explained, 

er level with 
respec
wave height and the wave period seem to be reasonably estimated, but also an 

ceedance probability can be seen. According to the derived 
distribu
typhoo r. According to the model this observation has got 

the wave height and 10-3 for the wave period. 

4: Statistic

cussion of statistical validation of marginal PDFs 
There is agreement between th

lation cannot be drawn based on this material. The set of data is far too small 
a reliable base for extrapolation into the region of small probabilitie

exceedance. 
ceedance probability of the total water level seems to be underestimated by 
del with a constant deviation (i.e. 0.7m). This devia

but may be found in a difference in observation point of the total wat
t to the used input distribution of the tidal water level. The observations of the 

underestimation of the ex
tions the data point of the wave height and period of one of the typhoons (i.e. 
n Bart, no. 9918) is an outlie

a return period of 10-4 for 
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6.5.3 
The sa as done for the marginal probability density functions 

tions. The JPDF will be used and not 
the co
distribu es can be potted in the derived contour plots (Figure 

-26 and Figure 6-27). 
 

Statistical validation of the joint probability density functions  
me statistical validation 

can be done for the joint probability density func
nditional PDFs, because these functions give a better overview of the 
tion. The observed valu

6-25, Figure 6
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5: Statistical validation of the contour plot of wave period and wave height Figure 6-2

Contours of JPDF of wave height versus total water level
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Figure 6-26: Statistical validation of the contour plot of wave height and total water level 
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d and total water level  

 
• Dis

values are not contradicting the derived distributions. Only one 
outlier 
the typhoons (i.e. no. 9918). This was also found in the marginal probability density 
functions. These functions have been used to obtain the joint probability density 
functions and therefore it is logical to find this also in this analysis. Adjusting the 
JPDF with the derived functions for the tails will not result in major changes of the 
JPDF. The deviation of Tp from the total water level is also found in the observations 
and should be analysed in further research. 

6.6 An application of a joint probability density function  

The failure mode of overtopping is analysed in order to illustrate the use of the JPDF 
in the analysis of the flood defence system. The overtopping can be found via the 
wave run-up. The following formula can be used to determine the 2% exceeded wave 
run up (TAW, 2002): 

Figure 6-27: Statistical validation of the contour plot of wave perio

cussion of statistical validation of contour JPDFs 
The joint observed 

with a very small probability of exceedance would have occurred during one of 

0
tan

os
αξ =  (6-19) 

ξ0 Breaker parameter [-]
α Angle of slope of flood defence [deg]
s0 Wave steepness related to the wave spectrum [-]

In which: 

0
0 2

1,0

2 m

m

Hs
gT
π

−

=

s

 (6-20) 

0 Wave steepness related to the wave spectrum [-]
Hm0 Wave height (related to zero moment of spectrum) [m]
g Gravity acceleration [m/s2]
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Tm-1,0 Spectral wave period [s]

In which: 

0 0m 4H m=  (6-21) 

1,0m pT T− =  
1

1.1
(6-22) 

ment of spectrum 2]
T Spectral wave period [s]

 period ]
egative moment of spectrum 

m0 Zero mo [m
m-1,0

Tp Peak wave [s
m-1 First n [m2s]

Further: 

03.8sH m=  (6-23) 

s icant wave height [m]
[m2]

 flood defence system should be 
nown. A cross section of a typical flood defence in Suo-nada Bay was estimated 
rom Takahashi et al., 2004) and is given in Figure 6-28. 

H Signif
m0 Zero moment of spectrum 
 

o be able to use the formula the cross section of aT
k
(f

L.W.L. (C.D. level)

Botton of structure (-6.5m C.D.)

Crown height (+8.0m C.D.)

3

5

Single layer armour

 
Figure 6-28: Cross section of a typical dike section in Suo-nada Bay 
 
With this cross section, the following value of the breaker parameter can be derived: 

0
0

2
1,0

tan tan
2o m

m

s H
gT

α αξ
π

−

= =  

2

2

tan tan 3.02
1 22 1.27

0.95
1

1.1

s
s

p

p

HH
g T

g T

α α
ππ

= =
⋅⋅
⋅

⎛ ⎞⋅⎜ ⎟
⎝ ⎠

 

Variables as stated before (with average wave steepness of 3.16%) 
 

With this breaker parameter a formula for the wave run-up can be stated. It is 
advised not to follow the average trend. A safety margin of one standard deviation is 
used to calculate the wave run-up. The following formula should then be used 
assuming perpendicular attack of waves and single layer armour rock (TAW, 2002):  

( )2%
0

0

4.0 1.5 /f
m

z
H βγ γ ξ= ⋅ −  (6-24) 
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( ) 2%
14.0 1.5 / 3.02 2.31 2.31

0.95 s
2% 0.7 1.0

sH
= ⋅

z z H− = ⇒ = ⋅  

z2% 2% wave run-up level above still water line [m]
Hm0 Wave height (related to zero moment of spectrum) [m]
Hs Significant wave height [m]
γ f Influence factor for roughness elements on slope [-]
γ β Influence factor for angled wave attack [-]

 
A simple formula for wave run-up is the following: 

2% 8 tan 4.8s sz H Hα= ⋅ ⋅ = ⋅  (6-25) 

z2% 2% wave run-up level above still water line [m]
Hs Significant wave height [m]
α Angle of slope of flood defence [deg]

 
This deviated from the previous derived value. The factor 2.31 is therefore assumed 
in the further research.  
 
In order to obtain the reliability function of the overtopping, a statement of failure 
should be made: the statement of failure due to overtopping is if the 2% wave run-up 
would reach above the crown of the dike. So: 

L  (6-26) 

z2% 2% wave run-up level above still water line [m]
hdike Height of dike (crown height minus bottom of structure) [m]
dhtot Height of total water level increase [m]
L.W.L. Low water level (=C.D. level) above bottom of structure [m]

 
With the previous equation the following relation can be derived: 

L

2% . .dike totz h dh LW≥ − −

2.31 . .s dike totH h dh LW⋅ ≥ − −  

. . 14.5 6.5 3.46
2.31 2.31 2.31

dike tot tot tot
s

h dh LW L m dh m dhH − − − −
≥ = =  −

The reliability function is plotted in Figure 6-29: 
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Figure 6-30: JPDF of wave height and total water level and the reliability function of overtopping 
 
In order to obtain the probability of failure of a failure mode, the volume of the JPDF-
mountain that is within the failure area has to be computed. The volume = 0.27 so 
the probability of failure due to overtopping as defined in this paragraph is 27%. Once 
every three years the dike will fail according to this failure criterion. 
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The failure probability can also be computed with the Monte Carlo analysis. This is 
 failure area. The 
f the derived joint 

probability density function.  
 

done by counting the number of simulated data points located in the
probability would then be 0.22, so slightly smaller than in the case o

 
Figure 6-31: Computed data of wave height and total water level and the reliability function of overtopping 
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7 Conclusions and recommendations 

In this chapter the conclusions and recommendations are stated. The objective of the 
search was to obtain the marginal and joint probability density functions of the 

.1 Conclusions 

.1.1 General conclusions 
mines the hydraulic boundary conditions

re
hydraulic boundary conditions for Suo-nada Bay. 

7

7
With respect to the derived model that deter  

input distributions 

istributions

The research has demonstrated that with the derived model it is possible to: 
- Hindcast the maxima of the hydraulic boundary conditions induced by historical 

typhoons reasonably 
- Derive the marginal and joint probability distributions of the hydraulic boundary 

conditions based on the dependence model and probabilistic 
 
With respect to the method that derives the probability d  
A es it possible to: 
- 

les. 
-  

are available and taking physical boundaries and limitations into account 
- Include knowledge of physical relations that are found and observed all over the 

world in the model 
 
W ability density functions

 method that includes both statistics and physical relations mak
Use input distributions of physical variables related to the hydraulic variables that 
have a broader statistical basis than the hydraulic variab
Extrapolate the hydraulic boundary conditions into regions where no observations

ith respect to the obtained prob  
F om th eriv  probability density functions it can be concluded:  
- 

l and joint probability density functions 
The number of observations is far too small to statistically validate the model in 

ow probabilities of exceedance  

r e d ed marginal and joint
The observed values that are used for statistical validation are reasonable in line 
with the derived margina

- 
the regions of l

 
With respect to the current design method of flood defences in Japan 
The design method should be extended with: 
- A reliability-based design method, to be able to judge the safety of the flood 

design in an objective way 
- The dependence between hydraulic variables in the assessment of failure 

probabilities of failure modes, especially in the regions of extreme values it is of 
major influence on the joint probability distributions 
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7.1.2 Other conclusions 
A number of conclusions can be stated, not directly related to the objective of the 
research: 
 
Relevant hydraulic variables in the Suo-nada Bay case 
A research into the relevance of physical phenomena that could occur during 

- The total water level is influenced by the storm surge level mainly in the extreme 
ormal cases the tidal water level is of more influence on the total water 

- The magnitude and the period of the storm surges and the tidal water level are 
approximately the same. Therefore both variables have to be taken into account  

- The wave steepness is independent of the wave height for waves higher than 
0.5m and is on average 3.16%, which points out that swell penetrates into the 
bay 

 
el

typhoons in Suo-nada Bay pointed out that: 

cases; in n
level 

Derived combined mod  
o deri  probabilistic 
nalysi typ

The of racteristics is preferred because the 
characteristics are observed for a longer period and because most hydraulic 

 lead back to this driving mechanism  
ta and 

Fujii gives the best description of the typhoon characteristics  
- Deterministic and probabilistic typhoon characteristics are given and the total 

m l can terministic calibration and the statistical 
analysis 

- Th wave eferred over the SMB wave period model, 
be use o robabilistic analysis with respect to the 
in ende

T ve the combined total model that is used in the deterministic and
a s of hoons, the typhoon characteristics play a central role 
-  use  input distributions of typhoon cha

loads
- An objective analysis of pressure patterns of historical typhoons by Mistu

ode  therefore be used for the de

e  steepness model is pr
ca f the advantages in the p

eight. dep nce to the wave h
 
Deterministic calibration 
A range of constants is given fo

s ma
r the formulae for wind set-up and pressure set-up 
ke it necessary to calibrate the models.  

ena are calibrated and their average deviation from the 
maximum observed values is given: 
- Storm surge: 25% (0.3m) deviation (above and under). The constant for the wind 

set- is d 10-6. The constant for the pressure set-up is 
0.0 Pa

- Wa  heig er). A fit parameter over the 
wav eigh ted to obtain the best results. 

- Wave period: 5% (0.3s) deviation (above and under). The wave period is fitted 
with the values of the wave height and the wave steepness. 

 
The marginal probability density functions

and also the schematisation
- The resulting calibrated models are in line with the values of constants used in 

other analyses.  
The following phenom

up etermined to be 0.5*
3m/h .  
ve ht: 20% (0.3m) deviation (above and und
e h t model of 0.9 (instead of 1.0) is adop

 
Marginal probability density functions of the hydraulic variables can be derived from 
the simulated dataset.  
- The fitted distributions are mainly determined by the average values of hydraulic 

variables and therefore deviate in the region of extreme values 
- Generalized Pareto Distributions have to be fitted to the tails of the distributions in 

order to obtain the correct distributions for the tail 
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- The marginal distribution of the total water level seems to deviate from the 
observations. The deviation could not be explained. 

- Statistical validation proves that the other derived distributions are in line with the 
obs s on the extrapolation however cannot be drawn  

- The  according to the derived marginal probability density 
fun rding to the derived distribution the hydraulic loads 
hav

 
he joi

erved values. Conclusion
re seems to be an outlier

ctions: typhoon Bart. Acco
e a return period of 1000 years 

nt probability density functions T  
Via independent physical variables, related to the hydraulic variables of interest, the 
joint probability density functions can be obtained.  
- To derive the joint wave height and wave period distribution, the independence 

between the wave steepness and the wave height can be used.  
- In the case of the joint total water level and the wave height, the independence 

between the tidal water level and the storm surge can be used. The relation 
bet n th ed from the wind 
spe l water level). 

- The ably in line with the 
com   
how

 with 

 period and the total water level seems to predict the 

Failure of the coastal defence system

wee e storm surge level and the wave height can be deriv
s for the wave period and the totaed (the same analysis hold

 JPDF of the wave height and the wave period are reason
ed lusions on the extrapolation canput dataset and the observations. Conc

ve er not be drawn 
- The JPDF of the wave height and the total water level are reasonably in line

the computed dataset and the observations. Conclusions on the extrapolation 
can however not be drawn 

- The JPDF of the wave
computed data set completely. This is also found in the statistical validation 

- Typhoon Bart seems to be an outlier if compared to the results of the joint 
probability density functions. The joint hydraulic conditions seem to have a return 
period of 10000 year. 

 
 

Insight is obta  probability density functions in the 
analysis of fail
- The abi d in the model and 

the  obtained easily from integrating the probability area 
outside the reliability line 

erated by 

-  the failure of the dike if defined as water running 
ystem can be estimated to have a return period of three years 

ined in how to apply the joint
ure modes.  

 reli lity functions of failure modes can directly be applie
 failure probability can be

- Another easy tool is to obtain the failure probability with the dataset gen
the Monte Carlo analysis 
In the example of overtopping,
over the defence s
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7.2 Recommendations 

Several recommendations can be stated with respect to the research. First the 
provements of the method are given. Then the general application of the 

odel and the application of the model in reliability-based design is stated. Finally 
re given. 

Improv ent o

possible im
m
recommendations for further research in Japan a
 

em f the presented method 
- The ignored physical phenomena in the first order approximation of the hydraulic 

bou ary c ysed more in detail and possibly be taken into 

iables with more accuracy. The model as derived in 
esearch could be sed as a framework to implement the sophisticated 
ls.  

The bser not all available for the research. With these 
observations a validation step should be included to be able

th od
 

 better predicted and 
the distributions in that region will be more accurate 

with a database of 2 years of tidal water 
 water levels should be done in order to 

obt  the w probabilities of exceedance. 
The deviation of the marginal probability density function and the observed total 

 could not be explained. An analysis of the uniformity of the observed 

put distributions for typhoon characteristics are directly adopted from an 
analysis done by Fujii nd Mitsuta. The distribution types are assumed. This 

riables are currently determined visually. An 
objective test should be done (using Chi square test) 

ce of the hydraulic boundary conditions in time should be 
xima are taken into account.  

eneral application f the model

nd onditions should be anal
account 

- More sophisticated models can be used to predict the maxima and the hourly 
values of the hydraulic var
this r  u
mode

-  o vations are at the time 
 to get better insight 

in e m el uncertainty. The observations  
- The marginal distribution functions derived for the hydraulic variables should be

fitted more to the extreme values. The extreme values will be

- The tidal water level is constructed 
levels. A better estimation of extreme tidal

ain tidal water levels with lo
- 

water level
total water levels should be done 

- The in
a

should be checked with a more objective method (e.g. Chi square test) 
- Distribution types of the hydraulic va

- The exact joint occurren
taken into account. In this research only the ma

 
G  o  

The el s in general. 
bility and the reliability of the model 

s with a bay axis in 
the tio rtant 
The odel ithin Suo-nada Bay. The predictions for 

within the bay should also be evaluated 

pplication of the model in reliability-based design

-  mod  should be applied to other bays in Japan and other basin
This would give insight in the applica
Ext n - ensio of the model is needed if it is applied to other bay

ec g is then more impo dir n of the typhoon path. Shoalin
 m  is derived for one case site w- 

other sites 
- The approach presented in this research can be used as a first check of results of 

more sophisticated analyses 
 
A  

 based on an 
ife etc. 

- The desired level of protection should be derived. This can be done
economic consideration, but also the value human l

- An analysis of failure modes should be made. A failure tree and the reliability 
functions should be stated for the flood defence system. The joint probability 
density functions can then be used for the analysis of the individual failure modes 
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- The onte  be extended with the reliability functions to 
obt prob te Carlo method instead of via the 
pro ility

- The ike s  
failu o out cross 

esearch in Japan

 M  Carlo approach can easily
ain abilities of exceedance via the Mon
bab  density functions 
 d ystem and the geometry is currently not accurately described. The
re m des should be analysed with more reliable information ab

sections etc. 
 
R  

s should be done in the bay in order to calibrate the 

d Fujii is currently 
not available for the past decades. The deterministic and statistic characteristics 
of typhoons should be extended until now to obtain a better basis for the derived 
distributions of typhoon parameters 

- Information about wave spectra will give more insight in the properties of the 
wind-generated waves and should be obtained or included.  

- More observations of wave
model for other case sites and to have a backup if instruments fail 

- The analysis of the pressure pattern as derived by Mitsuta an
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Appendix A Beaufort scale 
Cat. Winds 

[km/h] 
 Effects 

0 0-2 Calm Land- Smoke rises vertically  
Water- Like a mirror 

1 2-6 Light Air L- Rising smoke drifts 
W- Small ripples 

2 7-11 Light 
Breeze 

L- Leaves rustle 
W- Small wavelets, wind fills sail 

3 12-19 Gentle Breeze L- Light flags extend 
W- Large wavelets, sailboats heel 

4 20-30 Moderate 
Breeze 

L- Moves thin branches 
W- Working breeze, sailboats at hull speed 

5 31-39 Fresh Breeze L- Small trees sway 
W- Numerous whitecaps, time to shorten sails 

6 40-50 Strong Breeze L- Large tree branches move 
W- Whitecaps everywhere, sailboats head ashore, large waves 

7 51-61 Moderate Gale L- Large trees begin to sway 
W- Much bigger waves, some foam, sailboats at harbour  

8 62-74 Fresh 
Gale 

L- Small branches are broken from trees 
W- Foam in well marked streaks, larger waves, edges of crests break 
off 

9 75-87 Strong 
Gale  

L- Slight damage occurs to buildings 
W- High waves, dense spray, visibility affected 

10 88-102 Whole 
Gale 

L- Large trees uprooted, considerable building damage 
W- Very high waves, heavy sea roll, surface white with spray and 
foam, visibility impaired 

11 103-117 Storm L- Extensive widespread damage 
W- Exceptionally high waves, small to medium ships obscured, 
visibility poor 

12 117+ Hurricane L- Extreme destruction 
W- Waves 40+', air filled with foam and spray, visibility restricted 

(www. marineharbors.com) 
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Appendix B Storm surges and shoaling 

Tracks of Typhoon 0310 and 9810

Osaka

Kobe

Takamatsu

� F– {
Wakayama

Typhoon0 310Typhoon9810

Uno

33ß

34ß

35ß

36ß

21hr

0hr, 18 Oct 1998

18hr 17 Oct 1998 15hr

18hr

21hr

0hr, 9 Aug 2003

3hr

6hr

980hPa
70� 9̀0km/h 955� 9̀70hPa

20� 3̀0km/h
 

Storm Surge by Typhoon 9810

total

suction effect wind-drift effect

(m)

 
Storm Surge by Typhoon 0310

total

suction effect wind-drift effect

(m)

 
Hindcasted typhoons 0310 and 9810 with resulting total- wind- and pressure set-up (Kawai, personal communication) 
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Appendix C Various models for the description of 

Shore Protection Manual ’77 and ‘84 
Atmospheric pressure field

physical phenomena 

 
The SPM’84 states first of all a mathematical model to use for the typhoon pressure 
field 

0
R

0n

e
p p

rp p −−

p Pressure at point at distance r from storm centre  [millimetres of 
mercury] 

p0 Central pressure  [millimetres of mercury] 
pn Pressure at outskirts of storm [millimetres of mercury] 
R Radius of maximum wind [km] 

Wave height and peak period

=
−

 (After Myers (1954) and Harris (1958) 

 
The wave height and peak period can be calculated with the following formulae 

4700
0

0.29
5.03 1

R p
f

r

V
H e

U
α∆ ⎡ ⎤

= +⎢ ⎥
⎢ ⎥⎣ ⎦

 (After Brettschneider (1958) 

9400
0.104R p Vα∆ ⎡ ⎤

8.6 1 fT e= +⎢ ⎥s
rU⎢ ⎥⎣ ⎦

 

gnificant wave height [m] 
Ts Significant wave period [s] 

V

H0 Deepwater si

R Radius of maximum wind [km] 
Vf Forward speed of hurricane [m/s] 
Ur Maximum sustained wind speed (10m above water level) [m/s] 

max0.865 0.5r fU U= + (moving hurricanes) 
Umax Maximum gradient wind speed (10m above water level) [m/s] 

f
f Coriolis parameter (Latitude 33.8°: f=0.290) 
α Coefficient (~1.0) 

Coastal Engineering Manual (2003) 
Atmospheric pressure field

1/ 2
max 00.447[14.5( ) (0.31 )]nU p p R= − −  

 
The model of Holland provides a good fit to observed wind fields in early stages of 
storms. The hurricane pressure profiles are normalised: 

 c

n c

p p
p p

β −
=

−
 

 p pressure at radius r [mb] 
 pc central pressure in the storm [mb] 
 pn ambient pressure at the periphery of the storm mb] 
The beta curves resembled a family of rectangular hyperbolas 

 exp B

A
r

β −⎛ ⎞= ⎜ ⎟
⎝ ⎠

 

 A scaling parameter [m] 
 B parameter that controls the peakedness of wind speed [-] 
 r arbitrary radius [m] 
This leads to a pressure profile: 
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 ( ) expc n c B

Ap p p
r

⎛ ⎞= + ⎜ ⎟
⎝ ⎠

 p −
−

anes
 
Winds in hurric  

 

1/ 2
⎤

2 2( )

4

n c

a

AAB p p
r

rρ

⎡ ⎞− ⎟⎢ ⎝ ⎠⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

F us  ma um inds as

 

exp B
−⎛

⎜
cU = B

r f
+

⎥
 

or the radi  to xim  w   
1

max
BR A=  

T um wind speed can then pp as 

 

he maxim be a roximated 
1/ 2

1/ 2
maxU ( )n c

a

p
e

⎛ ⎞
−⎜ ⎟

⎝ ⎠
 

 
A s imp d wave pred s 
R die in s llow ater ( en dica ha tc ited e 
g sh w water pears llo  law
d wa  gro  for the same wind speeds up to a point ere  asym ic 
depth dependent wave height is atta . In is ev nce is seems prudent to 
disregard bottom friction effect on wave growth in shallow water 

a  shallow basins: 
mi  over water wind speed 

 growth equations to estimate the 
rom th eepwat omogra

 Compare the predicted peak wave period from to the shallow water limit given in  

B p
ρ

ssumption in s lifie iction
ecent stu s ha  w Jens  1993) in te t t fe h lim  wav
rowth in allo ap to fo w growth s that are quite close to 
eepwater ve wth  wh  an ptot

ined  light of th ide

 
R en t on wecomm

- Deter
ded for es

ne the straight line fetch and
imati ves in

- Using fetch 
wave height and period f

and wind speed from fetch limited
e d er n ms 

-
1/ 2

9,78
g

= ⎜
⎝

p
dT

⎛ ⎞
⎟
⎠

Tp Peak period 
water depth 

g  ty celeratio
 If wave eight exceeds 0.6 times the depth, wave height should be limited to 0.6 
mes the epth 

 
Wave predictions

 

 
 d 
 gravi ac n 
- h
ti d

 
R t stu sh w wate (Jensen 3) indic that h limi wave 
growth in shallow wat ollow gr th laws t are clos wave growth 
f r the sam  wind spe s up to a int where an asymptotic depth dependent wave 
h ight is at ined. The nly const t is that past a limiting 
v lue (Vinc nt 1985) g en in the tionship

ecen dies in allo r 199 ate fetc ted 
er f ow hat e to deepwater 

o e ed  po
e ta  o rain  no wave period can grow 
a e iv  rela : 

1
2

9.78p
dT
g

⎛ ⎞
≈ ⎜ ⎟

⎝ ⎠
 

 
Hurricane wind fields can be well represented by a small number of parameters, 
since winds in a hurricane tend to remain very close to a dynamic balance with 
certain driving mechanisms. Waves also depend next to the present wind fields on 
earlier wind fields, bathymetric effects, pre existing waves and the entire wave 
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generation process over the last 12 to 24 h. The following conditions have to be met 

 is r

- Hurricane is not affected by land or bathymetric effects 
- No strong secondary wind and wave systems affect the area  
The CEM introduces the parametric hurricane model of Young (1987) 

 
Wave set-up

before applying parametric models: 
- Hurricane intensity elatively constant 
- Hurricane track is relatively straight 
- Hurricane forward speed is relatively constant 

 
The wave set-up can be calculated by  

 max s
d x
dx
ηη η= + ∆  

tan

sx
d
dx

η
ηβ

∆ =
−

  

 s to be filled in 
 ∆x Shoreward displacement of the shoreline [m] 
 ηmax set-up at the mean shoreline [m] 
 
Seiches 
For an open rectangular basin the free oscillation period can be calculated by: 

4
(1 2 )

B
n

lT
n gh

=
+

 

Tn natural period of the basin [s] 
lB  Bay length [m] 
n  Number of frequency [-] 
g  Gravity acceleration [m/s2] 
h  water depth [m] 

The fundamental mode corresponds to n=0.  

Model used by the PARI  
Atmospheric pressure field 
Kawai (2004) predicts the storm pressure in the same manner with the Myers and 
Malkin (1961) formula: 

0

( )
r
r

c cp p p p e
⎛ ⎞−⎜ ⎟
⎝ ⎠

∞= + −  
pc Central pressure [mb] 
∆p pressure differential [mb] 
r radial distance from typhoon centre [km] 
r0 radius of maximum wind speed [km] 
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According to pressure data the pressure of Typhoon 9918 was deformed after its 
 r  is ).  

0 01 1 02 2cos(
landfall. The radius  a function of angle θ (Veltcheva and Kawai, 2002

) cos(2 )r r r r
o

θ α θ α= + − + −  
r radius [m] 
θ angle [deg] 
α angle [deg] 
The five quantities are determined from the pressure data measured around 
the typhoon with the least square method. 

 
The wind speed reduction coefficient is normally 0.7 at the right quarter of the 
typhoon. Mitsuta and Fujii (1987) proposed the following equation: 

1

1 1 1 1
1( ) ( ) ( ) ( ) exp 1 1

k k

p
p p

X XC X C C X C
X k X

− ⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎛ ⎞ ⎢ ⎥⎡ ⎤= ∞ + − ∞ − −⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟⎣ ⎦ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠ ⎝ ⎠⎣ ⎦⎩ ⎭
 

X radius relative to radius to maximum wind speed [-]  
k parameter [-] 
C1(∞) coefficient at remote point from typhoon centre [-] 
Xp distance of maximum coefficient [m] 
C (X ) maximum coefficient [-] 

T del called WAM to calculate the waves and storm surges.  

Typhoon analyses in Natural Disaster Science (1979-now) 
Atmospheric Pressure field

1 p
hey use a wave mo

 
Mitsuta and Fujii stated for typhoons with central pressures of 980 mb or less from 
1979 to 1984 that landed on the Japanese Main Islands, the main characteristics. 
The pressure patterns o the typhoons were assumed to be represented by concentric 
circular isobars and the pressure profile by the formula of Schloemer (1954).  

pc Central sea level pressure [mb] 
∆p central pressure depth [mb] 
rm  Radius to maximum cyclostrophic wind speed [m] 
r Radius [m] 

 
itsuta et al. (1979) studied three different pressure profiles for typhoons:  

- Pressure profile by Fujita 
- Schloemer formula by USACE 
- Bjerkness formula 

The formulae are of the same accuracy in describing pressure profiles, but the 
cyclostrophic wind speed profile balancing to the pressure profile of Schloemer was 
more realistic than for the other ones so that formula was chosen.  
Most typhoons move toward north-northeast or northeast. The return period of the 
pressure differential is given for three different areas (A,B and C).  
They chose the profile from the three most frequently used profiles in the analysis of 
pressure patters of tropical cyclones (Mitsuta et al, 1979 and 1986). 
 

( )/mr r
cp p pe−= + ∆  

M
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Wind speed 
om 
re 

The wind distribution in a synthesised typhoon pressure pattern is constructed fr
the gradient wind speed distribution balanced with the moving circular pressu
pattern. The friction free wind speed is given by (Mitsuta et al 1986b) 

 
2 1gr

gr
t

V pfV
r rρ

∂
+ =

∂
 

 Vgr gradient wind speed [m/s] 
rt radius of the curvature of trajectory [m] 
f Coriolis parameter [] 
ρ Air density (1.1) [kg/m3] 

The isobars are assumed to be circular but when it moves wt constant speed the 
radius of the trajectory of the air parcel differs from the radius of an isobar. The 
relation is described by Blaton 

  
1 1 (1 sin )
t gr

C
r r V

θ= +  

 r radios of an isobar [m] 
 θ Direction angle of radius vector from direction of typhoon movement 
[deg] 
The surface wind can be deflected from the friction free wind by 
 (cos sin )s gV V α α= −  
 Vs Surface wind speed [m/s] 
 Vg Geostrophic wind speed [m/s] 
 α Deflection angle [deg] 
 
Surface lifting 
Nakagawa calculated the water surface being lifted by the drop in atmospheric 
pressure: 
 p
 p∞ Peripheral pressure 
 p  Pressure  
 
Wind set-up

0.991( )ph p∞∆ = −  

 
Further for the wind set up he calculated 
 w ph hβ∆ = ∆  
 ∆hp increment in water level caused by drop in pressure [cm] 
 p∞ peripheral pressure [mb] 
 ∆hw increment in water level caused by wind drift [cm] 

β numerical constant (~1.0) [-] 
 
Sea level rise 
Nakagawa sketches an increase of 3 C in temperature and 65 cm in sea level by the 
end of the 21st century because of global greenhouse effects (KSRGW, 1991) 
 

Risk assessment on Storm Surge Floods by Kato (2002) 
Atmospheric pressure field combined with wind speed 
Kato predicted the storm surge for different bays in Japan (Tokyo, Ise, Osaka, Tosa). 
Kato determines the pressure near the typhoon with Myers’ Model. The storm tides is 
calculated from a combination of pressure and wind set-up were calculated according 
to the Japan Meteorological Agency (1999) as 

2(1010 ) coss a P bW θ= − +  
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s Maximum storm tide [cm] 

mum
θ differenc critical direction wind and wind at wind peak [deg] 

lationship between 
estimated values and observed values for the actual typhoons. 
 
Wave height and peak period

P lowest atmospheric pressure [hPa] 
W maxi  wind speed [m/s] 

e between 
a,b constants given by the Japan Meteorological Agency (1999) 

The estimated storm tides were corrected based on the re

 
Kato predicted the wave heights for different bays in Japan (Tokyo, Ise, Osaka, 
Tosa). The wave heights were estimated with the SMB method by 

21/ 2

1/3
2 2

10 10

0.30 1 1 0.004gH gF
U U

−⎡ ⎤⎧ ⎫⎛ ⎞⎪ ⎪⎢ ⎥= − +⎨ ⎬⎜ ⎟⎢ ⎥⎝ ⎠⎪ ⎪⎩ ⎭⎣ ⎦

 

51/3

1/3
2

10 10

1.37 1 1 0.008
2
gT gF

U Uπ

−⎡ ⎤⎧ ⎫⎛ ⎞⎪ ⎪⎢ ⎥= − +⎨ ⎬⎜ ⎟⎢ ⎥⎝ ⎠⎪ ⎪⎩ ⎭⎣ ⎦

 

H1/3 Significant wave height [m] 
T1/3 Significant wave period [s] 
U  Wind speed 10m above sea surface [m/s] 

eleration [m/s2] 

Parametric Hurricane model by Cooper (1988) 
ooper developed a parametric model to estimate winds, waves and currents 

in water depths greater than 100m. The need for parametric 
tial design and investigations of joint statistics. Models for 

urricane generated currents are limited and still theoretical. The simple parametric 
models are derived from advanced numerical models. This implies that the accuracy 
of parametric model can be no better than the accuracy of the numerical model. 
 
Wind speed

10
F Fetch [m] 
g Gravity acc

C
generated by hurricanes 

odels still exists for inim
H

 
A parametric equation for wind speed at 20m above mean sea level averaged for one 
minute at r greater than R is  

 
( / )a

mW W r R=  
0.38 0.08cosa θ= − +  
0.885(5.6 0.5 ) cosm fW p R f V θ= ∆ − ⋅ +   

 W  Wind speed [m/s] 
 Wm Maximum wind speed [m/s] 
 r arbitrary radius [m] 
 R Radius to maximum wind [m] 
 a Angle [deg] 
 ∆p Central pressure depth [mb] 

f Coriolis parameter [-] 
Vf Forward movement of typhoon [m/s] 

All units are MKS except pressure, which is in mb.  
The wind at r<R is found by multiplying Wm by  
 
 
Wind direction

(1 exp( 3.1 / ))r R− − ⋅  

 
The wind direction in polar coordinates is  
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90β θ α= + + °   
 22.0 1 os0.0cα θ= +  
 
Wave height 
The parametric equation for significant wave height Hs is expressed as a ‘25% rule’: 
 
 W Local wind speed given by previous equation [m/s] 
 
Peak period

0.25sH W= ⋅  

 
 
 

b
pT a W= ⋅  

8.0 3.5cos 2.7sina θ θ= − +  
0.143 0.138cos 0.074sinb θ θ= + −   

 
Wave direction 
The average wave direction is given by: 
 
 

( / ) 90ba r Rφ α θ= + + − °  
144 39cos 25sin 15cos 2a θ θ θ= + − −  

 
 
Current model

0.08b = −  

 
The derivation of a current model is executed. The model is quite complicated and 
more based on theoretical background. Therefore it is at this time not interesting to 
use in the Japanese case. 

Parametric Hurricane model by Young (1988) 
Young created a synthetic database on wave conditions within hurricanes suitable for 
wave prediction in deep water. The results indicated that both the velocity of forward 
movement (Vfm) and maximum wind velocity within the storm (Vmax) play an important 
role in determining both the magnitude of the waves and the spatial distribution of 
these waves. The synthetic database consisted of Vfm [0 - 12.5 m/s], Vmax [15 - 
60m/s] and the radius R [15 - 60km]. If Vfm is relatively fast the waves will be left 
behind the storm and no swell will be present ahead of the storm. An equivalent 
Fetch is used to apply the wave growth relationships. Given the parameters Vmax, Vfm 
and R the following steps can be performed 
Determine effective radius to maximum winds R’ from 
 
 R’ Effective radius [m] 
Determine F/R’ and thus F by substitution of V  an V   
 

F Equivalent fetch [m] 
[s2/m2] 

 [s2/m2] 
 [s2/m2] 

[s/m] 
 [s/m] 

 
Substitute Vmax and F to obtain Hs max and fm(max) 

 

3 3' 22.5 10 log 70.8 10R R= ⋅ − ⋅  

max fm
2 2

max max max/ ' fm fm fmF R aV bV V cV dV eV f= + + + + +  

32.175 10a −= − ⋅
21.506 10b −= ⋅

11.223 10c −= − ⋅
12.190 10d −= ⋅

16.737 10e −= ⋅
17.980 10f −= ⋅  

0.5

2 2
max max

(max) 0.0016sgH gF
V V

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
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0.33

2
max max

0.045
2 (max)m

g gF
f V Vπ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 

  
Parameters the same as mentioned above. 

Select the appropriate spatial distribution diagram for the values of V BmaxB an VBfmB and 
read HBs B/HBsB(max) and fm/fm(max) 
 
Young found in each of the spectra a relatively high frequency peak with a broad 
direction distribution centered about the local wind direction. The spatial distribution 
of significant wave heights is a function of both VBfmB and VBmaxB. Young presented spatial 
distribution diagrams where vectors are given; the direction of the mean wave 
direction obtained by integrating the directional spectrum. A crescent-shaped region 
on the right of the storm characterises typical distributions. This region occurs since 
the wind velocity is at a maximum here and also because the wind direction is 
approximately parallel with the storm track. Thus waves generated in this region 
move forward with the hurricane and maximise the time for which they experience 
strong winds. If V BfmB is high the storm outruns the swell and the waves ahead of the 
storm are entirely locally generated and in the local wind direction. For rapidly moving 
storms waves generated directly ahead of the storm have not had sufficient time to 
propagate away from the region. As a result, conditions in the left rear quadrant are 
extremely confused with swell moving to the left and locally generated waves moving 
to the lower right.  

Monte Carlo Approach in Hurricane design by Banton (2002) 
A typical approach to derivate hurricane waves is there described as follows: 
(summarised by Goda (1988)): 
- Use a parametric model (Young 1987 or Cooper 1988) to allow for the simulation of 
large numbers of storms.  
- Select the appropriate data set (Annual maximum, Peak Value series) 
- Fit the data set to a distribution (Fisher Tippett, Gumbel, Weibull) 
- Extract the design wave for given return periods by data fitting (Least squares etc.) 
 
Banton developed a hindcasting system to predict a design wave that corresponds to 
a particular return period. He uses a Monte Carlo simulation together with a purpose 
developed computer program, which incorporates a number of parametric wind and 
wave models and statistical procedures. He uses V BmaxB [knots] as an input parameter. 
UPressure field 

(c- /d)
c maxP =(a+ )-bV αα  

PBc B  Central pressure [mb] 
a, b, c, d  Given coefficients  
α  random variable uniformly distributed in the range [-10,10] 

For the radius he gives 
RBmaxB=3.10 P

-6
Pe P

0.017Pc
P radius to maximum wind [m] 

He calculates the waves by the parametric model of Cooper (1988) 

Storm surge mapping for Jamaica by Smith Warner (1999) 
A storm surge is caused by interactions between hurricane, water body over which it 
passes and the nearby landmasses. It can be considered as the sum of three 
components (Smith Warner, 1999).  

• Meteorological effects caused by low atmospheric pressure at the centre of 
the storm 

• Wind effects caused by the wind stresses on the water surface 
• Wave effects caused by breaking in the surf zone (wave set-up) 
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The different phenomena to calculate components of the storm surge are given 
below: 
USurface lifting 
The inverse Barometer Rise effect is the increase in water level under the low-
pressure eye of a hurricane. The IBR can be calculated using a 2D model that 
assumes no flow normal to the shoreline, instantaneous water level response to the 
driving forces and a uniform sea surface. The following formula is found in the 
SPM’84. 
 /

00.1( )(1 )R r
nh P P e−∆ = − −  

 ∆h IBR [m] 
 PBnB Ambient Pressure [hPa] 

PB0B Pressure in eye of hurricane [hPa]  
R Radius to maximum wind [km] 
r Radius to a particular location [km] 

 
UWind set-up 
The onshore component of the hurricane wind leads to the wind set-up. Useful 
approximations of this phenomenon can be derived from the formula used for 
enclosed bays. The formula can be found in the SPM’77: 

 
2KW Fs

d
∆ =  

 ∆s Wind set-up [m] 
 K empirical constant  
 W wind speed [m/s] 
 F Fetch length [m] 
 d water depth [m] 
 
UWave set-up 
Wave set-up can be considered as a static effect. It is the rise in mean sea level, 
which is caused by mass transport and the transfer of wave energy from a kinetic into 
a potential state. It occurs within the wave breaker zone. Assuming a frictionless 
planar beach, Battjes (1974) derived an equation for the average maximum wave 
set-up: 

max
5

16 4
b

b b
HHη γ= ≈  

 ηBmaxB average maximum wave set-up [m] 
 γBbB ratio of breaker height to water depth [-] 
 HBbB Breaking wave height [m] 
 
UTides 
Tides may be either diurnal or semi-diurnal in nature; a specific shoreline location 
may experience either one high and one low water per day, or two. For the sake of 
conservatism, it is recommended that a storm surge is calculated at mean high tide. 
 
ULong-term sea level rise 
For future trends, and to allow for a possible "greenhouse effect' component, UNEP 
has predicted a rate for the Caribbean, of 5 mm/yr. Although somewhat conservative, 
it is recommended that this be figure be adopted until more site-specific, long-term 
water level data is obtained. 
 
U
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Battjes: wave set up 
2

2

3
8

31
8

bdhd
dx dx

γη

γ
= −

+
 

Method of Vrijling and Bruinsma 
Vrijling and Bruinsma (1980) developed a model that describes the wave height as a 
function of the water level. The basis is formed by the model for wind set-up of 
Weenink (1958) and the model of significant wave height of Sverdrupp, Munk and 
Bretschneider (1958). Vrijling and Bruinsma found that the wind set-up of the 
Weenink model can be approximated by a quadratic function of the wind speed 

2
9

9( ) uh u
g

α=  

α Empirical parameter [-] 
u B9B Continuous Wind speed during 9 hours [m/s] 
g Gravity acceleration [‘m/s P

2
P] 

Vrijling and Bruinsma restricted the analysis to storms between West and North and 
then derived the value α.  
The astronomical tide and wind set-up were supposed to be independent so the 
water level is described by: 

9 9( , ) ( )w a ah u h h u h= +  
h BaB Astronomical tide 

Vrijling and Bruinsma found that the maximum water level during a storm can be 
found by using the astronomical high water. By using the above formulae the 9 hour 
wind speed for an observed water level can be found. The astronomical tide varies 
little so the wind set-up and the back-calculated wind speed also vary. 
For a known wind speed and a known geometry of the bay a wave height can be 
calculated with the SMB formula: 

1

3

3

2 1 2

3 2

3 2

( , , ) tanh( ) tanh
tanh

m

m

s m

Fgk
u dg uH u d F H k
g u dgk

u

∞

⎛ ⎞
⎛ ⎞⎜ ⎟⎜ ⎟⎜ ⎟⎛ ⎞ ⎝ ⎠= ⎜ ⎟ ⎜ ⎟⎛ ⎞⎝ ⎠ ⎛ ⎞⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠

 

F Fetch length [m] 
d Depth [m] 
u Wind speed [m/s] 
g Gravity acceleration [m/sP

3
P] 

k B1B, kB3B, mB1B, mB3B, HB∞B Empirical parameters (CERC) 
From the observe water level a wind speed can be derived. This wind speed put in 
the wave height model gives the wave height.  

Method of Webbers 
Webbers went back to the original method. The extension of Webbers compared with 
Vrijling and Bruinsma was the description of the peak period of the wave spectrum 
with the use of a method described by Repko et al (2001). Within a wave field the 
significant wave height and peak period of the spectrum are important parameters. 
Between them there exists a physical dependence. The parameter wave steepness 
is a function of wave height and peak period: 
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0
2

2

s
p

p

Hs g T
π

=  

s B0pB Wave steepness [-] 
HBs B Significant wave Height [m] 
T BpB Peak period [s] 
g Gravity acceleration [m/sP

2
P] 

From analysis of Repko (2001) it follows that from measurements over the world the 
wave height and steepness are statistically independent. That’s why the peak period 
can be written as a function of two statistically independent variables by: 

0

2 s
p

p

HT
s g
π

=  

Method of Voortman 
In the methods of Vrijling and Bruinsma (1980) the distributions of the water level and 
the uncertainty of the maximum wind speed as function of the water level serve as 
input parameters. In the method of Webbers (2000) this set is extended with the 
wave steepness.  
The method of Voortman (2002) is consistent with the previous models. The method 
is based on a parametric model that describes four hydraulic variables (water level, 
wind set-up, wave height and peak periods as a function of 
- Characteristic wind speed 
- Characteristic wind direction 
- Direction dependent geometry of the North Sea 
- Model insecurities 
PDF’s of the input parameters are bases on observations in the field and the choice 
of the distribution type is done on earlier research.  
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For the models the input and output variables are given and the field of application. 
The variables used for the different models are written with the same symbols. 
 
Name Subject Variables 

for Input  
Out- 
put 

Field of application 

 
Manuals by the USACE based on US hurricanes 
SPM Pressure model by Myers PBcB; PB∞B; r; RBmB P Slowly moving typhoons 
’77 / ’84 Significant wave height CBfmB; VBrB; VBmaxB HBsB Slowly moving typhoons 
 Significant wave period CBfmB; VBrB; VBmaxB T BsB Slowly moving typhoons 
     
CEM  Wind speed model by Holland P B∞B; PBcB VBmaxB No forward movement 
’02 / ‘03 Wave set-up β;  ηBmaxB 

Only in surf zone 
 

Applications of studies in Japan 
PARI Pressure model by Myers PBcB; ∆P; r; RBmB P Slowly moving typhoons 
2004 WAM, wave prediction model    
     
Natural Pressure model by Schloemer  PBcB, ∆p, r, rBmB 

P No typhoon landfall 
Disaster  Gradient wind speed R Bt B, P, r VBgrB Circular pressure field 
Science Blaton moving typhoon  RBt B, r, θ VBgrB Forward movement 
’79-now Surface wind speed VBgrB, α VBsB R large; only land or water 
 Surface lifting PB∞B; P ∆hBp B 

Typhoon pressure lift 
 Wind set-up ∆hBp B ∆hBwB 

Part of surface lifting 
     
Kato Storm tide with JMA formula P; VBmaxB; θ ∆hBsB 

Other Japanese Bays 
2002 Significant wave height with SMB VB10minB; F HBsB Depth constant; Wind uniform 
 Significant wave period with SMB VB10minB; F T BsB Depth constant; Wind uniform 
 
Parametric Hurricane models 
Cooper Wind speed RBm B; r; ∆p; CBfmB 

V Off coast, deep water only 
1988 Wind direction θ β Off coast, deep water only 
 Wave height V HBsB Depth over 100m 
 Peak period V; θ T BpB Depth over 100m 
 Wave direction θ; r; RBmB φ Depth over 100m 
     
Young Jonswap wave height RBm B; VBmaxB; CBfmB HBsB Deep water only 
1988 Jonswap mean period R Bm B; VBmaxB; CBfmB T BmB 12.5m/s is maximum VBfmB 

 
Applications of studies in the Gulf of Mexico 
Banton Atmospheric pressure VBmaxB; α PBcB Fitting Caribbean data 
2002 Radius to maximum wind speed PBcB RBmaxB Fitting Caribbean data 
     
Smith  Pressure set-up from SPM’84 PBcB; ∆P; r; RBmB ∆hBp B No typhoon movement 
Warner Wind set-up from SPM’84 V; F; d ∆hBwB Closed coast; lake 
1999 Wave set-up by Battjes HBb B ηBmaxB No friction, planar beach 
 
Applications to the Shallow North Sea 
Vrijling Astronomical tide HBHW B; T B0B; ϕ h General applicable tide model 
1980 Wind set-up by Weenink VB9hrB ∆hBwB Depth constant; Wind uniform 
 Significant wave height with SMB V; d; F HBsB Depth constant; Wind uniform 
     
Webbers Same as Vrijling; additional:    
2000 Wave steepness model HBsB; T Bp B SB0pB Extreme values of T Bp B; HBsB 

     
Voort-
man 

Same as Vrijling; difference:    

2002a Wind set-up model V B5hrB ∆hBwB Depth constant; Wind uniform 
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Appendix D Deterministic and probabilistic 
typhoon characteristics 

Table of Fujii (1998) with typhoon characteristics 
Year Typh. 

name 
Typh. 
no. 

Area 
land.  

∆p  
hPa] 

rBm B  
[km] 

CBfm B  
[km/h] 

γ  
[ P

o
P] 

aBp B  
[km/h] 

aBr B 

[km/h] 
aBc B  
[km/h P

2
P] 

aBdB 

[ P

0
P/h] 

1955 Louise 5522 A 63.8 97.5 29 -17 0.049 4.3 2.9 6.8 
1956 Harriet 5615 C 30.9 67.0 54 55 - - - - 
1957 Bess 5710 A 48.2 84.5 35 44 0.064 5.0 -3.9 -5.6 
1958 Helen 5821 C 46.5 118.0 47 45 0.035 5.3 5.0 2.9 
1958 Ida 5822 C 42.8 44.0 34 52 0.212 8.0 5.7 -8.0 
1959 Ellen 5906 B 21.6 146.0 26 40 0.012 4.5 1.9 3.9 
1959 Vera 5915 B 85.2 10.5 45 12 0.119 12.3 6.9 2.1 
1960 Della 6016 B 29.4 68.0 50 22 0.064 4.9 0.4 -3.2 
1961 Nancy 6118 B 69.0 75.0 39 31 0.080 4.5 7.9 0.3 
1961 Violet 6124 C 35.4 104.0 101 45 - - - - 
1963 Bess 6309 A 31.4 105.0 29 25 0.070 9.7 -3.9 -11.6 
1964 Kathy 6414 A 40.0 77.5 13 -4 0.021 1.5 -0.3 3.5 
1964 Wilda 6420 A 83.2 50.5 33 29 0.097 6.7 0.6 1.7 
1965 Jean 6515 A 50.6 50.5 37 29 0.117 10.2 3.6 -3.4 
1965 Lucy 6517 C 37.9 26.0 31 27 0.185 4.3 -5.7 4.0 
1965 Shirley 6523 B 59.9 67.0 55 16 0.089 5.5 6.0 2.3 
1965 Trix 6524 C 41.2 106.0 66 27 0.079 20.0 4.6 0.4 
1966 Ida 6626 C 47.8 30.0 50 23 - - - - 
1967 Dinah 6734 B 33.9 79.0 52 21 - - - - 
1968 Mary 6804 B 27.0 267.5 47 -52 0.016 -11.5 -3.4 3.7 
1969 Cora 6909 A 43.1 54.0 40 64 0.042 3.4 -1.8 -2.1 
1970 Olga 7002 B 27.9 77.5 28 -26 0.099 7.2 0.0 -0.1 
1970 Wilda 7009 A 47.7 56.0 26 47 0.072 5.9 2.4 -0.9 
1970 Anita 7010 B 52.0 102.5 21 -30 0.062 3.7 5.0 4.1 
1971 Olive 7119 A 38.1 71.0 27 36 0.068 3.5 1.4 -9.2 
1971 Trix 7123 A 33.1 123.5 24 18 0.009 -0.8 -2.3 1.9 
1972 Tess 7209 A 21.2 99.5 15 -63 0.031 -3.4 5.7 7.1 
1972 Helen 7220 B 54.4 93.0 53 22 0.077 15.0 3.3 0.1 
1974 Polly 7416 B 31.3 88.0 30 -35 0.093 9.3 3.2 3.2 
1975 Rita 7506 B 31.6 90.0 23 24 0.028 3.5 2.0 0.9 
1976 Fran 7617 A 42.4 81.0 19 27 0.074 12.7 3.4 2.4 
1979 Oweb 7916 B 56.8 40.5 49 35 0.148 7.7 3.9 2.5 
1979 Tip 7920 B 29.0 117.5 64 38 0.059 17.5 9.4 0.9 
1980 Orchid 8013 A 26.9 273.0 76 6 0.010 -29.4 -6.4 1.2 
1981 Ogden 8110 A 32.3 36.5 22 -42 0.092 3.2 2.0 -1.7 
1981 Thad 8115 C 38.6 261.0 48 26 0.008 -4.8 10.2 -4.0 
1982 Cecil 8210 C 23.2 102.0 72 4 0.018 4.4 -6.8 -2.6 
1982 Ellis 8213 A 40.9 82.0 18 24 0.050 6.8 3.4 -3.8 
1982 Judy 8218 C 36.2 122.5 34 29 0.122 18.4 6.4 -2.1 
1982 Ken 8219 B 29.5 111.0 41 12 0.092 12.3 2.8 -4.2 
1983 Abby 8305 C 20.0 88.5 29 11 0.029 1.8 -3.1 -5.7 
1985 Irma 8506 C 30.4 106.0 81 51 0.015 11.3 2.3 -1.3 
1985 Pat 8513 A 52.3 52.0 42 -6 0.079 5.0 2.7 0.7 
1987 Kelly 8719 B 36.8 110.5 44 34 0.096 14.2 2.6 -2.2 
1989 Roger 8917 B 25.4 108.0 38 24 0.035 15.1 -0.3 4.4 
1990 Flo 9019 B 59.6 74.0 40 56 0.107 6.7 2.0 -4.6 
1991 Kinna 9117 A 42.2 72.0 40 30 0.108 9.7 2.5 -1.7 
1991 Mireille 9119 A 69.0 83.5 67 61 0.068 14.6 11.0 -4.5 
1992 Janis 9210 A 50.9 83.0 38 38 0.073 9.8 -0.6 -1.8 
1993 Yancy 9313 A 77.1 56.0 44 28 0.100 9.1 1.7 -8.5 
1994 Orchid 9426 B 59.5 49.5 28 39 0.161 12.3 6.3 -5.9 
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Statistics as given by Mitsuta and Fujii (1986) 

 
 
Central pressure depth [hPa] 

 
 
Speed of forward movement [km/h] 

 
 
Direction of forward movement 
[deg] 

 
 
Radius of maximum cyclostrophic wind [km] 

 
Lognormal distributions for different typhoon characteristics 

Quantity Dimension Application F(m-σ) 
Mean minus σ 

F(m) 
Mean regr. line 

F(m+σ) 
Mean plus σ 

∆p  [hPa] Area A 26 (1.42) 39 (1.59) 57 (1.76) 
CBfm B  [km/h] Area A 19 (1.28) 30 (1.47) 46 (1.66) 
θ  [deg] Area A 43(1.63) 67 (1.83) 105 (2.02) 
RBm B  [km] 0  < ∆p < 30 74 (1.87) 100 (2.0) 136 (2.13) 
  30< ∆p < 45 45 (1.65) 81 (1.91) 146 (2.16) 
  45< ∆p 46 (1.67) 71 (1.85) 107 (2.03) 
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Appendix E Limitation in wave height and wave 
period 

Hs limit with Hs for fetches from east to west in southern direction 

Hs vs Hslim
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Hs limit with Hs for fetches from east to west in northern direction 

Hs vs Hslim
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Tp limit with Tp for fetches from east to west in southern direction 

Tp vs Tplim
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Tp limit with Tp for fetches from east to west in northern direction 

Tp vs Tplim
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The wave height and wave period are only limited in cases of abnormal high wind 
speeds. The limitation therefore does not affect the wave height and the wave period. 
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Appendix F Duration or fetch limited model 
Average of observed wave characteristics of four historical typhoons:  

Typhoon HBs B [m] T BpB [s] 
9117 1.87 5.9 
9119 2.78 7.3 
9210 2.01 5.9 
9313 1.56 5.1 

Average 2.06 6.05 
 
Computation of wave group speed with average values of T BpB and HBsB 

0
9.81 / 6.05 9.4 /

2 2

sg T m s sc m s
π π
⋅ ⋅

= = =  

  
2 2 2

0
9.81 / (6.05 ) 56

2 2
g T m s sL m

π π
⋅ ⋅

= = =  

0

10 0.18  tanhkh=0.86 n=0.69
56

h m
L m

= = → →  

0 0 tanh 0.69 9.4 / 0.86 5.58 /   20km/hgc n c n c kh m s m s= ⋅ = ⋅ = ⋅ ⋅ = →  
  
Always fetch limited if FBmaxB already fetch limited instead of duration 
limited max 90F km=  
Duration of wave before reaching shore: 4.5h. Typhoon induced intensified storms 
must a duration of at least: 

30 /  4.5 hours  135kmfmC km h= ⋅ →  
The wind field around the centre is relatively smooth. The wind speed can be 
extimated correctly with the wind in one point and a duration long enough for fetch 
limited wave growth. 
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Appendix G Observed hydraulic variables  
Storm surges 

Date and time 
(JST) 

JST UTC t rel. to 
time of 
landing 

Storm 
surge 

Date and time 
(JST) 

JST UTC t rel. to 
time of 
landing 

stor
m  
surge 

yymmddhhmm [h] [h] [h] [m] yymmddhhmm [h] [h] [h] [m] 
Typhoon 7009     Typhoon 9117     
7008142200 22 13 0 0.47 9109140500 5 20 0.2 0.25 
7008142300 23 14 1 0.56 9109140600 6 21 1.2 0.37 
7008150000 0 15 2 0.68 9109140700 7 22 2.2 0.58 
7008150100 1 16 3 0.81 9109140800 8 23 3.2 0.67 
7008150200 2 17 4 0.98 9109140900 9 0 4.2 0.61 
7008150300 3 18 5 1.11 9109141000 10 1 5.2 0.49 
7008150400 4 19 6 1.09 9109141100 11 2 6.2 0.30 
7008150500 5 20 7 0.91 9109141200 12 3 7.2 0.11 
7008150600 6 21 8 0.57      
          
Typhoon 7617     Typhoon 9119     
7609130100 1 16 0 0.37 9109271600 16 7 0.2 1.14 
7609130200 2 17 1 0.49 9109271700 17 8 1.2 1.42 
7609130300 3 18 2 0.67 9109271800 18 9 2.2 1.45 
7609130400 4 19 3 0.95 9109271900 19 10 3.2 1.19 
7609130500 5 20 4 1.22 9109272000 20 11 4.2 0.86 
7609130600 6 21 5 1.27 9109272100 21 12 5.2 0.57 
7609130700 7 22 6 1.10 9109272200 22 13 6.2 0.35 
7609130800 8 23 7 0.89 9109272300 23 14 7.2 0.19 
7609130900 9 0 8 0.64      

 
Wave height and wave period 

Typhoon 
number 

Year Month 
Day 

JST  
[hr] 

UTC  
[hr] 

Time after 
landing 
[hr] 

HBs B[m] TBsB [s] TBp B [s] 

9117 19910914 6 21 1.2 1.70  5.0  5.6  
  8 23 3.2 no data   
  10 1 5.2 1.87  5.3  5.9  
  12 3 7.2 1.56  4.7  5.2  
        
9119 19910927 16 7 0.2 2.78  6.6  7.3  
  18 9 2.2 no data   
  20 11 4.2 no data   
  22 13 6.2 no data   
        
9210 19920808 8 23 1.4 no data   
  10 1 3.4 no data   
  12 3 5.4 1.88  5.9  6.6  
  14 5 7.4 2.01  5.3  5.9  
  16 7  no data   
        
9313 19930903 16 7 0.2 0.98  4.0  4.4  
  18 9 2.2 1.16  3.9  4.3  
  20 11 4.2 1.19  4.6  5.1  
  22 13 6.2 1.20  5.0  5.6  
  0 15 8.2 1.56  4.6  5.1  
  2 17 10.2 0.83  3.7  4.1  
  4 19  0.76  3.1  3.4  
  6 21  0.71  3.2  3.6  
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Appendix H Change in fetch and depth 
Change in fetch length during historical typhoons due to changing wind directions 
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Change in water depth during historical typhoons due to changing wind directions 
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Appendix I  Number of years of simulation 
The number of years of simulation to obtain stable results for low probabilities of 
exceedance is stated in the figures below: 
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Appendix J Typhoon tracks for 1000 simulations 
Extreme values of hydraulic variables with accompanying typhoon tracks that have 
been determined with the input distributions of direction of forward movement and the 
uniform position of landing on the boundary in the direction of the typhoon.  
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Appendix K  Relation pressure set-up and wind 
speed 

The gradient wind speed is related to the central pressure depth: 
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Since the gradient wind speed is related to the surface wind speed with a constant 
ratio, the following holds: 
 

2::p s sh aV bV c∆ + +  
 
a, b and c are constants 
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Appendix L Limitation in wave height 
The limitation in wave height by the SMB formula is given below: 
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