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ANALYSIS OF DESIGN WIND SPEED
DISTRIBUTION OF TAIWAN AREA

Jing-Jong Jang* and Jeng-Ru Lee**

Keywords: Wind Speed, Probability Distribution Model, Building Code.

ABSTRACT

This paper thoroughly examines the basic design wind speed
according to wind loading of building codes in Taiwan. The first
part of this study contains Chi-Square test and K-S (Kolmogorov-
Smirnov) test on four common wind speed probability distribution
models. The data to be tested are sampled from the annual maxi-
mum 10-minute average wind speed recorded by 25 weather sta-
tions of Taiwan Central Weather Bureau during the period from
1951 to 1990. The Type I Extreme Value model is determined
and recommended as the best wind speed probability distribution
model for Taiwan area. This paper then explores the probability of
exceedance of basic design wind speed within 50 years in Taiwan
by exceedance probability theory and moment method. The results
are compiled to develop the prelimmary design wind speed distri-
bution maps of Taiwan area with 50-year return period to provide
useful information for structure engineer in determining wind
loading and modifying Taiwan’s building codes in the future.

INTRODUCTION

Wind speed is a random variable which is af-
fected by lots of factors such as geometric shapes,
roughness, and elevations of ground surface. There-
fore, the easiest and most direct means of obtaining
wind speed distribution in different locations is to
set up a measurement station at each location. How-
ever, the way how the anemometer reading will
heavily influences wind speed record. The wind
speed of short recording time usually higher than the
wind speed of long recording time. Those extreme
values obtained from observed data are considerably
important to engineering applications. For instance,
when the structure is under the condition of high
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loads and low structural resistance, the way which
the extreme wind speed values are recorded is very
critical to its safety and liability. The maximum wind
pressure, i.e. extreme-value wind speed, is the major
variable to be considered for structural wind resistant
design.

Thom [1,2] employed annual extreme-mile
wind speed as samples to compile basic design wind
speed distribution diagrams of different regression
periods in U.S. areas. The extreme wind speed was
Type II Extreme Value Distribution in hurricane
areas and tropical monsoon areas.

Later, Simiu and other researchers [3,4] found
that Type I Extreme Value Distributions is more
adequate under the only consideration of temperate
air flow without consideration of hurricanes. The
viewpoint brought up by Thom was noted of statisti-
cal sampling error. Therefore, Simiu, Bietry, and
Filliben [5] complied Monte Carlo method in their
research to avoid this kind of statistical sampling
error caused by insufficient data. In 1980 Simiu,
Batts, and Russell [6] analyzed again with Monte
Carlo method to include the consideration of hurri-
cane occurrence, and found out that the annual
extreme value of wind speed is Weibull distribution
if the average reading time is one minute. In the same
year, Simiu and Filliben also adopted Monte Carlo
method to analyze the distribution errors of different
regression periods in areas without hurricane impact.
They noted that no significant difference arised
among all types of distribution models when the re-
turn period is short, while the difference becomes
significant and the wind speed probability model
matches better with Weibull distribution or Rayleigh
distribution.

Therefore, this paper adopted the data of the
annual fastest average wind speed with 10 minute
recording time from 1951 to 1990, recorded by 25
weather stations of Taiwan Central Weather Bureau
as shown in Table 1, and followed up with analysis
and discussion on probability distribution of wind
speed. Furthermore, the basic design wind speed of
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different regression time period is determined within
an acceptable probability for structural design.

WIND SPEED DISTRIBUTION MODELS

Wind speed probability distribution models
are generally described by the following four com-
mon models: Type I Extreme Value Distribution,
Type 11 Extreme Value Distribution, Weibull Distri-
bution, and Rayleigh Distribution. They are as fol-
lows: Define: {7 =mean of wind speed, and oy=
standard deviation of wind speed.

1. Type I Extreme Value Distribution

This type of probability distribution is suitable
in areas with mild condition and wind speed evenly
distributed, and for longer interval of recording time,
e.g. 10 minutes or one hour of average wind speed.

(1) Probability Density Function (P.D.F):

f(U)=a exp[—a(U-b)—exp[—a(U-b)]], 1)
(—oo<U<oo, a>0, b<oo).

(2) Cumulative Distribution Function (C.D.F):

F(U)=exp[—exp[-a(U-b)]], (2)

Where 7=b+@, (3)
=R

oy=7. 4)

After the means and standard deviation are de-
termined by the annual fastest average wind speed
form those weather stations, they can be applied to (3)
and (4) to determine the values of a and b.

2. Type II Extreme Value Distribution

This distribution is appropriate in areas with
conditions of hurricanes or tropical monsoons, and
for shorter interval of reading time, such as 2 to 3
seconds of speed or one minute of average wind
speed.

(1) Probability Density Function (P.D.F):
_ca 2 a+1l _ 2 a
FUY=() () expl (7)1, (5)
(U>0, a>0, b>0).
(2) Cumulative Distribution Function (C.D.F):

F(U)=exp[-(5)1, (6)

where T =bI'[1-(1)], ()
oy=b{I'(1-(H1-rPri-Hn'"’. @
Gamma Function I'(¢)= j: X le—*dx.

3. Weibull Distribution

(1) Probability Density Function (P.D.F):

F=E) (G epi-(U 1, ©
(U>0, a>0, b>0).

(2) Cumulative Distribution Function (C.D.F):
F(U)=1-exp[- ()], (10)

where a and b are denoted by Justus [7]. The defini-
tions used in this study as follows:

a = Shape factor = (% ) o (11)
U
b = Scalar factor = m— : (12)
4. Rayleigh Distribution
(1) Probability Density Function (P.D.F):
2
f ()= expi-(§)1. (13)
(2) Cumulative Distribution Function (C.D.F) :
2
F(U)=1-exp[-(L)), (14)
2U
Whereb=b=7. (15)

The accuracy of probability distribution can
be ex-amined by goodness of fit test to determine
whether this distribution is acceptable or shall be
improved further. The statistic test methods adopted
most are Chi-Square test and K-S (Kolmogorov-
Smirnov) test [8]. The data used in this study are
sampled from the annual fastest 10-minute average
wind speed recorded by twenty-five weather stations
in Taiwan area from 1951 to 1990. The number of
data samples extracted from each station are various
according to the station’s establishment history.
Table 1 presents those station’s profiles. The fit tests
are discussed as follows:

Chi-Square Test

This test examines the probability density func-
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Table 1. 25 Weather Stations of Taiwan Central Weather Bureau

Station Year of North East Altitude Anemometer
Name Commen Latitude Longitude (m) Above Ground
Cement (m)

Tanshui 1942 25°10' 121°26' 19.0 12.20
Anpu 1937 25°11" 121°31" 825.8 7.40
Taipei 1896 25°02' 121°30 5.5 33.80
Chutzehu 1937 25°10' 121°32' 607.1 11.03
Keelung 1946 25°08' 121°44' 26.7 34.60
Pengchiayu 1909 25°38' 122°04' 101.7 7.20
Hualien 1910 23°59' 121°36' 16.1 10.00
Suao 1981 24°36' 121°52' 24.9 34.00
Ilan 1935 24°46' 121°45' 7.2 14.80
Tungchitao 1962 23°16' 119°40' 43.0 8.80
Penghu 1896 23°34' 119°33' 10.7 14.60
Tainan 1897 23°00' 120°12' 13.8 36.60
Kaohsiung 1931 22°34' 120°18' 2.1 14.00
Chiayi 1968 23°30' 120°25° 26.9 14.50
Taichung 1896 24°09' 120°41' 84.0 17.10
Alishan 1933 23°31 120°48' 2413.4 15.10
Tawu 1940 22°21' 120°54' 8.1 12.70
Yushan 1943 23°29' 120°57' 3844.8 9.20
Hsinchu 1938 24°48' 120°58' 34.0 13.20
Hengchun 1896 22°00' 120°44' 22.3 14.30
Chengkung 1940 23°06' 121°22' 335 12.80
Lanyu 1941 22°02' 121°33' 324.0 12.50
Jiyuehtan 1941 23°53' 120°54' 1014.8 8.00
Taitung 1901 22°45' 121°09' 9.0 11.40
Wuchi 1976 24°16' 120°31' ‘ 7.2 33.20

tion with interval number k to determine whether the
observed frequencies ny,n,,........ ,n; and the theoretic
frequencies ej,es,........ ,er are closely match each
other. If the theoretic probability density functions
satisfy the following statement:

k n.—e. 2
ig'l(’Tl)<C1'a'f’ (16)
where C;_,, fx% is the value related to the value (1-

a) of its distribution,
J =degree of freedom (d.o.f)

= k—1(number of undetermined param-

eters in theoretic probability density
function).

Then, the theoretic probability density function
can be considered as an acceptable model within
significance level a.

The most common significance levels are 5%
and 1%. They can be chosen as required, even outside
the range of 5% and 1%. Neither Chi-Square test
nor K-S test can provide absolute compatibility be-
tween probability distribution and the actual data.

For instance, a probability distribution may be ac-
ceptable for one significance level; meanwhile, it
may not be acceptable for another significance level.

The grouping of wind speed data [5] in this
study is based on the mean of annual fastest 10-
minute average wind speed U, and class interval
AU, which is one fourth of standard deviation oy
of annual fastest wind speed, that is AU = oy /4.
The interval number k of wind speed data shall be
determined by expanding distance of AU toward
both left and right directions as required.

The degree of freedom depends on the grouping
of wind speed data and the undetermined parameters
in theoretic probability density function. In Type I
Extreme Value distribution, Type II Extreme Value
distribution, and Weibull distribution, the parameters
are determined by mean values and standard devia-
tions of data. Therefore, the degree of freedom for
the above types of distribution shall be subtracted
by 2 for computation. In Rayleigh distribution, the
parameter is only det¢rmined by mean values of
data. Therefore, its degree of freedom is subtracted
by 1.



58 Journal of Marine Science and Technology, Vol. 5, No. 1 (1997)

The Chi-Square test of the data obtained from
twenty-five weather stations of Central Weather
Bureau in Taiwan area is performed. According to
the results [9], Type I Extreme Value distributions
is more adequate for both 5% and 1% significance
levels for most of the stations in Taiwan area.

K-S Test

K-S test checks the cumulative distribution
function and it compares the difference between
test cumulative distribution and theoretic cumulative
distribution function. The theoretical model isl not
accepted unless this difference is less than certain
level.

For a data set of sample number n, the sample
values can be compiled into a stepped cumulative
frequency curve by sorting data in an ascendant
order. They are indicated as follows:

0 ,x<x
n
Sn(x)= E > X X<Xpyq s an
1 ,x2x,
where x1, x5 ...... ,x,= sample value in ascendant order.

The difference between test cumulative fre-
quency curve S,(x) and theoretic cumulative distribu-
tion function F(x) can be calculated. The maximum
error between S,(x) and F(x) in full range of random
variable x will be used to evaluate the difference
between theoretic model and observed data. Assume
that the maximum error to be D, is

D,=max|F (x)-5,(x)]. (18)

D, is a random variable and its distribution
shall be relative to sample number n. For K-S test
under significance level «, the D, maximum error
D, determined from Eq. (18) will be compared with
critical value which is defined as the following:

P(D,<D,%=1-a. (19)

The value of D,* of various n values under
significance level o can be determined from K-S
test results.

The theoretic mathematical model is acceptable
if maximum tested error is less than critical value
D,” under significance level o; otherwise, it is re-
jected. Those results indicate that all four cumulative
distribution functions are acceptable for most of
weather stations in Taiwan area. However, Type I
Extreme Value distribution is more appropriate be-
cause its mean value of maximum error is less than

those of the other three.
CALCULATION OF DESIGN WIND SPEED

Basic design wind speed is defined as U(10, C)
with recording station of 10-meter elevation, and
ground condition C where station is assumed to be
located at flat and plain and the height of scattered
obstructions is less than 10 meters. The anemometer
elevations and ground conditions of those Central
Weather Bureau’s recording stations do not correlate
with such a definition. Therefore, the defined value
of basic wind speed will be adjusted by Power law.

Professor Tsai [10] analyzed basic wind speed
of those station by sampling maximum 10-minute
average wind speed and maximum 2 to 3 second gust
speed of 98 typhoons attacking Taiwan during 1947
and 1980, recorded by 24 weather stations of Central
Weather Bureau. He assumed that typhoons are
Poisson process since each typhoon is a discrete
random variable, and computed wind speed of each
regression period through Poisson process. There-
fore, the data obtained from each typhoon are acces-
sible for implementation purposes.

This study adopts theories of extreme value
statistics [8] to analyze basic design wind speed.
Since prediction of future conditions is required for
a structure’s planning and design processes, the
theory of extreme value statistics is a facilitative
tool for engineer to predict the maximum and mini-
mum values from observed extreme value data. Due
to the consideration that structure design is based on
the structure’s extreme condition, the authors used
the annual maximum 10-minute average wind speed,
recorded by 25 weather stations of Central Weather
Bureau during 1951 and 1990, as samples in this
study. Those lower wind speed data can be omitted
to avoid sampling deviation.

According to the discussion in previous section,
Type 1 Extreme Value distribution is more ap propriate
as annual maximum wind speed probability distribu-
tion in Taiwan area for sampling annual maximum
10- minute average wind speed. Also, as previously,
extreme value statistics is unitized to analyze basic
wind speed of different regression periods. There-
fore, exceedance probability theory and method
of moments is applied to calculate the basic wind
speed with 10% exceeding probability in 50 years
and basic wind speed of different return periods in
Taiwan area.

Exceedance Probability Theory

The importance of extreme values is to predict
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future exceedance possibility of previous observed
data. This predication has to be indicated by prob-
ability. Usually, the distribution functions of previ-
ous and future observed values are known, such as
the extreme value distributions of annual maximum
flood flow or annual maximum wind speed. Under
this circumstance, these distribution information
can be utilized to determine required exceedance
probability. Assume that X is the initial random vari-
able when the initial distribution function F,(x) is
known. The maximum cumulative distribution func-
tion with sample number n out of X shall be indicated
as the following:

Fx (0)=[Fx()1"

If initial distribution function F,(x) has the form
as Type I Extreme Value distribution, as indicated
in Eq. (2), then the maximum cumulative distribution
function of n sample out of X is:

FXn=exp[—exp[-a(x—b—lnTn)]]-

If y, denotes the maximum value among n ob-
served values (xq, X3,.....,%,), that is,

Yp = Max(Xy, Xz,.....sXp)- (20)

It can be applied from sample number size n and
FK(y)=1- % ,meaning y, is the best estimated value
of b,. Let b, = y,, the maximum distribution among
future N observed sample number is

FXN(X)=[FX(JC)]N

N
={[F(x)I'}"
—exp[- Y e-at-m
—exp[—en¥ e=aG-m)], N
Fy,=exp[-exp[-a(x-y—-—7F")11. (@D

Fx (x) is also identified as Type I Extreme Value
distribution, and its parameters are

aN=a,

bN=yn+1n(1:1’/n) )

If y, denotes the maximum value among n previ-
ous observed values, then the maximum distribution
among N future observed values can be determined by
Eq. (21). Therefore, the probability that maximum
value among N future observed values will exceed
that n previous observed values, i.e.

In %
Pr(Xy>yn)=1-exp[—exp[-a On=Yn— a ) 1]

=Pr(Xy>y)=1-exp[-N1. (22)

On the other hand, if probability p is that maxi-
mums value among N future observed values will
exceed previous maximum has been determined, then
the design values Xy can be determined from the
following:

In2-
n
p=1-exp[—exp(-a(Xy-y,——73>)11,

XN=yn+g[1n¥—1n1nﬁ]. (23)

After the annual maximum 10-minute average
wind speed during 1951 and 1990 was sampled from
twenty-five weather stations, the design wind speed
at each station in the future 50 years can be deter-
mined by Eq. (23), and the basic design wind speed
with exceedance probability 10% in 50 years can
be converted by the following:

U(10,C)=060 (2, x)EZH ™ e

where x = 1,2,3,4 each indicates ground condition
A,B,C,D.

Z: elevation,

Z: elevation of gradient,

C: roughness of ground surface,

a: coefficient of power law.

The basic design wind speed can be analyzed
by exceedance probability theory corresponding to
the ground conditions of each weather stations [9].
The 50-year return period basic design wind speed
distribution diagram of Taiwan area as shown in
Fig. 1.

Method of Moments

In general, extreme value data are difficult to
obtain primarily because they require a great amount
of time and resources to collect. For instance, the
sample size of annual maximum wind speed only
increase one more annually, and for strong earth-
quakes (Richter scale M = 5.0) , it may require even
more years to observe. In other words, the sample
size of extreme value data is usually very limited.
Therefore, for estimating parameters of extreme
value distribution, an appropriate estimation method
can be selected for sampling or collecting data. The
accuracy of estimation process is extremely critical
when obtained data are limited.

Limited sample number is considered into the
analysis results when statistic sampling and estima-
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tion are involved in process. Several methods are
available to estimate parameters of unknown original
distribution. Ideally, estimated value shall be of
unbiasness and variance shall be as small as possible.
Parameter estimation includes determination of ad-
equate sample moment for estimated data, including
sample mean ¥ and sample variance 02, sometimes,
even including third power moment or skewness.

119 120

Then parameters can be estimated on the basis of
the relationship between parameters themselves
and sample moments.

The method of moments is implemented to
estimate the parameters of Type I Extreme Value
distribution, wind speed of N-year return period, Uy
[11], and its confidence intervals can be calculated
as following:

N

Pengchiayu(59.1)

Chutzel $50.9)

25

24

o /

g
bt" ;)Q g)‘)
41.8)
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Lanyu(57.8) _22
W
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121 122

Fig. 1. Map of Design Wind Speed with 50 Years Return Period.
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Table 2. Basic Design Wind Speed of Different Return Period

Station 25 Years Return 50 Years Return 100 Years Return
Name Period (m/sec) Period (m/sec) Period (m/sec)
Taipei 35.85 39.87 43.88
Alishan 18.79 20.74 22.68
Hengchun 36.51 39.85 43.16
Anpu 36.56 39.87 43.14
Chengkung 33.05 36.61 40.14
Hsinchu 29.11 32.23 35.31
Tanshui 34.10 37.59 41.06
Chutzehu 45.54 50.85 56.10
Keelung 41.95 46.35 50.73
Pengchiayu 53.54 59.10 64.61
Hualien 39.27 44.37 49.42
Ilan 37.05 41.83 46.56
Kaohsiung 29.75 32.54 35.32
Tainan 27.24 29.74 32.22
Taichung 26.10 28.84 31.58
Tawu 38.20 41.80 45.37
Penghu 28.68 31.21 33.72
Jiyuehtan 21.06 22.88 24.69
Taitung 33.68 38.16 42.61
Lanyu 53.44 57.78 62.10
Yushan 36.40 38.95 41.49
Tungchitao 38.66 41.76 44.84
Chiayi 26.90 29.46 32.02
Wuchi 26.05 27.70 29.35
Suao 21.32 23.20 25.07
— 6
Uy=T + 0y (y—05772) %, (25)

where y=—In[-In(1- l), TU and oy can be deter-
mined from Eq. (3) and (4).

According to the consideration of sampling
errors when computing parameters with Method of
Moments, standard deviation of N-year return period
wind speed oy (Uy) will be calculated by the follow-
ing Eq.., that is,

Y. _ .
O (Uy) =1 6 +1.1396(y 0'5772)5
2 1/21—6—E
+11(Y-05772)°1 "% =, (26)

where n = sample number and the standard deviation
can be estimated by another theory, which is known
as Cramer-Rao lower bound, as follows:

11248 %L
Ocr (Uy ) =[060793y? + 051404y + 1 10866] '~ * .
27)

The relationship between confidence intervals and
confidence levels is as follows:

1. Confidence Level 68%:

Method of Moments Untssg (Un);
Lower Bound Untscr (Un).-

2. Confidence Level 95%:

Method of Moments Unt2sge (Un);
Lower Bound Un32scr (Un).

3. Confidence Level 99%:

Method of Moments Unt3sgg (Un);
Lower Bound Unt3scr (Un).

Basic design wind speed of different return period is
calculated and depicted in Table 2. Proportional
relationship between N-year return period wind
speed and its standard deviation can be calculated.
The design Wind speed with 10% possibility of being
exceeded in 50 years of Taiwan area as shown Fig. 2.

RESULTS AND DISCUSSIONS

This study began with discussions regarding
wind speed characteristics and distribution pro-
bability models of Taiwan area and followed by
Chi-Square test and K-S test analysis. According to
the previous discussions and analysis, the results
shows that Type I Extreme Value distribution is
more appropriate for wind speed probability dis-
tribution in Taiwan area than Type II Extreme
Value distribution, Weibull distribution, and Rayleigh
distribution.

It should be noted that Chi-Square test and
K-S test do not provide absolute suitability for prob-
ability distribution model and actual data. For in-
stance, a probability distribution model may be
accepted under one significance level, while it may
not be acceptable under another significance level.
The grouping of wind speed data for Chi-Square test
is based on the mean of annual maximum 10-minute
average wind speed. One quarter of annual maximum
wind speed standard deviation was determined as
class interval AU, that is AU=0,/4 with coverage
toward right and left, in order to determine interval
number k required for wind speed data. K-S test
indicates that four cumulative distribution functions
generally satisfy the analysis. However, Type I Ex-
treme Value distribution has the least mean value of
maximum recording errors among all probability
distributions. To avert sampling errors during the
test analysis, the wind speed data recorded by Suao
station were omitted to analyze because of its limited
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sample number of nine.

The main purpose of this study is to develop the
basic design wind speed for structure wind-resistant
design in Taiwan area. Usually, most of the structure
were design with an expected usage life of 50 years.
Therefore, 100 years or more usage life is expected
for the important or official structures and 25 years
or less usage life is expected for less important or

119
26

temporary structures. Table 2 shows the recommen-
dations of basic design wind speed with 25, 50 and
100 years regression return period of Taiwan area
according to the probability theory. It is noted that
the difference of design wind speed between 25, 50
and 100 years return period is relative small, which
is about or less than 10%.

Figures 1 and 2 provide the basic design wind

251

ualien(74.9) 24

g1
o8
F23
(80.1)
r22
122

Fig. 2. Design Wind Speed with 10% Execeedence Probability in 50 Years.
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speed distribution map in Taiwan area with 50 years
of return period and with an exceedance probability
10% during 50-year usage, which is equivalent to
475 years of return period, based upon exceedance
probability theory. It is noted that the recommenda-
tions of design wind speed in Fig. 2 is larger and much
more conservative than the design wind speed in
Fig. 1 and they can be applied to a variety of wind-
resistant structure design in Taiwan area.
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