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ABSTRACT

The wind data of four typhoons were obtained and analyzed. The wind speeds were measured by sonic
anemometers at four observation sites in Guangdong and Hainan provinces. Detailed analysis of the wind
data was conducted to investigate the turbulence characteristics of the typhoons. Characteristics of the
gust factor and the turbulence integral scale of the typhoons were concluded with high confidence. The
relationships among the gust factor, gust duration time, mean wind speed, roughness length, and turbulence
intensity were described. The turbulence integral scale was found to be closely related to the segment length

and turbulence intensity.
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1. Introduction

As one of the most destructive and disasterous
weathers, the typhoon involving heavy rain or strong
wind exerts considerable adverse effects on people’s
life and the economy. Therefore, analysis of typhoon
characteristics is of great significance in both the wind
engineering and meteorological studies. Researches on
typhoons have been performed in many years. Pow-
ell (1982) studied the wind field of Hurricane Fred-
eric that struck Gulf Coast, with aircraft, ship, buoy,
and land station data. Zhou et al. (2003) made nu-
merical simulations of the developing process of two
cyclones by using the MMb5 mesoscale model. Jiang
et al. (2008) studied the air-sea interaction during
the life cycle of a typhoon and the quantificational
effects of typhoon-induced sea surface temperature
(SST) cooling on typhoon intensity, using a mesoscale
coupled air-sea model. Ming et al. (2009) analyzed
the dynamical characteristics and wave structure of
Typhoon Rananim. Li et al. (2009) investigated the
eyewall evolution of Typhoon Imbudo by using the
MMS5 model. Yuan et al. (2009) analyzed the tem-
poral and spatial variations of tropical cyclones (TCs)

on different intensity scales. Zhao et al. (2009) per-
formed numerical simulations of a heavy rainfall event
triggered by an inverted typhoon trough using the non-
hydrostatic mesoscale model MM35.

However, in terms of the turbulence characteris-
tics of the typhoon, existing investigations seem to be
inadequate due to the lack of field measurements. In
fact, turbulent fluctuations and gusts in high winds
are critical factors that impact wind loads (Floris and
Iseppi, 1998; Harikrishna et al., 1999; Hui et al., 2009).
Wind tunnel experiments and numerical simulations of
intensive wind gusts associated with turbulence have
been well developed (Kobayashi et al., 1994; Brasseur,
2001; Goyette et al., 2003). Shiau (2000) discussed
the characteristics of typhoon turbulence on the north-
eastern coast of Taiwan, using data from the three-axis
ultra-sonic anemometer. Miyata et al. (2002) ana-
lyzed the effects of 9807 and 9918 typhoons on Akashi
Kaikyo Bridge in Japan, using full-scale measurement
data from anemometers, accelerometers, thermome-
ters, and GPS sensors.

Humid and mild marine climate exists in south-
ern coastal regions of China, such as Guangdong and
Hainan provinces However, every summer, several

*Supported by the National Natural Science Foundation of China under Grant Nos. 90715031, 40775018, and 40875008, and
the National Science & Technology Pillar Program under Grant No. 2008BAC37B00.

TCorresponding author: hufei@mail.iap.ac.cn.

©The Chinese Meteorological Society and Springer-Verlag Berlin Heidelberg 2011



114 ACTA METEOROLOGICA SINICA VOL.25

typhoons land in these regions, causing severe damage
to tall buildings and bridges. As turbulent fluctua-
tions and gusts in high winds are important factors
that determine the wind loads, it is necessary to an-
alyze the turbulence structure of a typhoon in order
to provide reference for design and risk evaluation of
tall buildings. In this study, high resolution data of
four selected typhoons (Washi, Damrey, Chanchu, and
Prapiroon) were obtained from different sites in South
China. Based on the data, a detailed analysis of gust
factors and turbulence integral scales was performed.
The characteristics of the gust factor and integral scale
associated with typhoon passages in southern China
were identified.

Table 1. Observation sites for four typhoons

2. Data sources

Wind data used in this paper are collected from
four observation sites during four typhoon passages
that struck South China in 2005 and 2006. The in-
formation about the observation sites is shown in Ta-
ble 1 and Fig. 1. At all the four observation sites,
HD2003 ultra-sonic anemometers were installed at 10-
m (or 12-m) height. The recording and processing of
the turbulence data were carried out on a notebook
PC based on the same data acquisition system at the
four sites. With the sampling frequency of 1 Hz, it is
reasonable to evaluate the gust factor and turbulence

integral length scales of typhoon winds.

Name Observation site Anemometer height Location Observation period (UTC)

Washi Wenchang, Hainan 10 m 19.54°N, 110.80°E 0000-1200 UTC 30 Jul. 2005
Damrey Xuwen, Guangdong 12 m 20.42°N, 110.18°E 0300-2200 UTC 26 Sep. 2005
Chanchu Raoping, Guangdong 10 m 23.66°N, 116.99°E 0200-1500 UTC 17 May 2006
Prapiroon = Maoming, Guangdong 10 m 21.48°N, 111.02°E 1300 UTC 3 Oct.—0100 UTC 4 Oct. 2006

All the data were pre-processed in the following
steps:

(1) Finding the turbulence data spikes. Accord-
ing to the methods of Hgjstrup (1993) and Vickers
and Mahrt (1997), spikes are identified based on the

following formula:

|dz(é)] = 3o, (1)

where z represents the series of w,v, and w,dxz(i) =
x(i+1)—x(i), and o is the standard deviation of series
x.

(2) Removing and interpolating the spikes by us-
ing the Hojstrup (1993) method:

1’(2) = .’ﬂ(l - 1)Rm + (1 - Rm)Xma (2)

Fig. 1. Observation sites and corresponding typhoons. The letters a—d denote Typhoon Washi, Damrey, Chanchu, and

Prapiroon, respectively.
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where m is a constant (m = 10 in this paper), R, is
the correlation coefficient between the series z(i —m :
i—3)and (i —m+2:i—1), and X,, is the mean of
the series z(i —m : i —1).

(3) Setting 8 m s~! at 10-m (or 12-m) height as
the minimum requirement for 10-min segment mean
wind speed. This approximately satisfies the condi-

tion of strong wind and neutral stability.

Table 2. Summary of the observed typhoons
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Moreover, according to Zhang et al. (2001), the
10-min runs were rejected if 1) the angle between the
horizontal wind direction and the coordinate system of
the sonic anemometer is greater than 45°, and 2) the
slope angle between the vertical and horizontal com-
ponents of the wind is greater than 3°. A statistical
summary of the typhoon wind speeds is shown in Ta-
ble 2.

Name Washi Damrey Chanchu Prapiroon
Numbers of 10-min segments 71 114 78 71
Min 10.5 9.0 8.8 13.0
Mean wind speed (m s™1) Max 19.9 25.7 234 254
Mean 14.1 17.9 16.8 16.8
Std 2.2 5.1 3.6 2.0
Min 0.0008 0.0004 0.0065 0.0006
Roughness length (m) Max 0.1496 0.1335 0.3127 0.0632
Mean 0.0511 0.0329 0.0679 0.0176
Std 0.0417 0.0381 0.0525 0.0128
Min 1.22 1.24 1.34 1.21
2-s/10-min gust factor Max 1.67 1.58 2.10 1.44
Mean 1.40 1.38 1.57 1.32
Std 0.12 0.09 0.14 0.05

3. Results

3.1 Roughness length

There are several methods to determine the
roughness length zp, based on the log-law wind pro-
file under neutral conditions:

- tn(Z),

(3)

where u, is the friction velocity, k is the Von-Karman
constant, which is usually set to be 0.4, z is the
anemometer height, and U is the mean wind speed
at z height.

Considering the applicability of Eq. (3) for ty-
phoons, Wieringa (1976) suggested that Eq. (3) can
be used to estimate the mean wind speed of a typhoon
when the wind speed is greater than 6 m s~'. Mean-
while, Sharma and Richards (1999) concluded that TC
winds are convectively unstable, but the difference be-
tween TC profile and neutral profile is very small be-
low the height of 10 m. Since the height here is about

10 m and the 10-min mean wind speed is higher than

8 m s~! (see Table 2), Eq. (3) is applicable.

The roughness length zq, involved in the intercept
of the semi-log plot of U and z, can be obtained when
data from multiple anemometer heights are available.
Otherwise, zq is directly estimated from Eq. (3) us-

ing high resolution data, with the friction velocity ob-

u? =\ ww” + v, (4)

where u’,v’, and w’ are the longitudinal, lateral, and

tained by

[N~}

vertical fluctuation components of wind, respectively.
Another widely used method in typhoon analysis is
called the turbulence intensity (TT) method, which is
based on the analysis of the standard deviation of the
horizontal component of the wind (Beljaars, 1987).
Sozzi et al. (1998) and Letchford et al. (2001) ap-

plied the following similarity equation
Tu —95.

U
By substituting Eq. (5) into Eq. (3), we obtain

(5)

(6)

20 = exp(in(z) 1),
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where [ is the TI. This expression can be used to cal-
culate zg.

Figure 2a shows the roughness length zy calcu-
lated by using the above two different methods. Obvi-
ously, the values of zy obtained from Eq. (3) from high
resolution data (the direct method) are much smaller
than those from the TT method. This may be caused
by the uncertainties in the estimation of u, using con-
ventional friction velocity measurements (Johnson et
al., 1998).

For better analysis and interpretation of turbu-
lence statistics over surfaces with different roughness
characteristics, the method of roughness classification
has been widely used (Schroeder et al., 2002, Paulsen
and Schroeder, 2005). By using the roughness lengths
calculated from the TI method, the dataset is strati-
fied into four roughness regimes: smooth, open, open
to roughly open, and roughly open to rough. Table
3 lists the roughness regimes and associated rough-
ness length. This method is also employed to find
out the distribution of the 10-min roughness length zq
calculated from the TT method for the four selected
typhoons. The results are shown in Fig. 2b. Evi-
dently, most of the zy values are in the regimes pre-
sented in Table 3. The roughness length lower than

0.0050 makes up a large portion of white roughness
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length, which is not included in regimes of Schroeder
et al. (2002). Roughness length in the range of 0-
0.0049 is defined as the sea regime in Table 3 accord-
ing to Wieringa (1992) and Schroeder et al. (2002).
It should be noted that the sea regime is just one of
names of the roughness regimes, and does not refer to

the real sea surface.

Table 3. Roughness regimes and associated rough-

ness lengths

Roughness Roughness length (m)
Sea 0 -0.0049
Smooth 0.0050 —-0.0199
Open 0.0200 —0.0499
0.0500 —0.0899
0.0900 -0.1899

Open to roughly open
Roughly open to rough

The 10-min roughness length calculated from the
TT method is given in Table 2. The smallest mean
and standard deviation of the roughness length appear
with Typhoon Prapiroon, indicating the smoothest

upstream terrain conditions.
3.2 Gust factor

The gust factor is defined as the ratio of the max-
imum wind speed in duration t to the wind speed av-

eraged over period T. It is given as

Umax,t
Gt,T i ——— (7)
ur
150
v I
[
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=
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Fig. 2. (a) Histogram of roughness length zo calculated by the direct method and the TI method. (b) Histogram

of roughness regimes for different typhoons, with I-VI denoting regimes of sea, smooth, open, open to roughly open,

roughly open to rough, and zo > 0.1899 m, respectively.
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where Umax,: is the maximum of the running average
wind speed over ¢ seconds and ur is the wind speed
averaged over T' seconds.

The gust factor is affected by various elements
such as stability of the boundary layer, anemome-
ter height, and upstream terrain conditions (rough-
ness length). It is usually greater for tropical storms
than for monsoon winds (Choi and Hidayat, 2002). In
recent years, the research on gust characteristics has
made significant progress. Choi (1999) found that the
gust factor during thunderstorms becomes higher in
Singapore. Nielsen and Petersen (2001) analyzed the
gust factor in different atmospheric stable stratifica-
tion conditions by applying the similarity theory. Hsu
(2003) presented the relationship between the gust fac-
tor G and the exponent of the power-law wind pro-
file P. Hsu and Blanchard (2004) implied that the
TT is linearly related to the gust factor under neutral
and stable conditions over the sea surface. Jungo et
al. (2002) categorized 10-yr Swiss station observations
into three weather types over Switzerland and derived
daily wind gust speed probabilities using the gust fac-
tor. Vickery and Skerlj (2005) revised the gust factor
for a hurricane, suggesting that in most cases, gust
factor for the hurricane can be described by models
developed for standard neutral boundary layer flow
conditions.

In this section, relations between the gust factor
and several variables such as gust duration, mean wind
speed, roughness length, and turbulence intensity are
investigated. Table 2 gives a statistical summary of
the 2-s/10-min (that is, ¢ = 2 s, T = 10 min) gust
factor based on the data from four different deploy-
ment locations with different roughness lengths. The
gust factors ranging from 1.21 in Typhoon Prapiroon
to 2.10 in Typhoon Chanchu seem to be sensitive to
the roughness length.

3.2.1

No standard exists for selection of gust duration

Gust factor and gust duration

t and averaging period T of the mean wind speed.
To calculate wind load, Faber and Bell (1963) recom-
mended setting ¢ = 1 min and T" = 60 min to calculate
the gust factor for a building as a whole, and ¢ = 10 s
for building details, while Harstveit (1996) used t = 3
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s and T" = 10 min to clarify the relationship between
the gust factor and TI. Mitsuta (1962) first proposed
the following formula to describe the relation between

the gust factor and gust duration.

t\ P
¢=(z) ®)
where p is a constant depending on the roughness con-
dition.

Assuming the averaging period T' = 600 s, the
gust factor can be calculated by using Eq. (7). Fig-
ure 3 shows the variation of the gust factor with gust
duration based on the data classified by the roughness
regime on the semi-logarithmic scale.

It is clear to see that (1) for the same roughness
regime, the gust factor decreases approximately lin-
early with gust duration ¢ on the semi-logarithmic
scale. (2) For the same gust duration time ¢, the
rougher the surface (e.g., terrain), the greater the gust
factor. (3) The constant p increases gradually from
0.123 in the sea regime to 0.219 in the roughly open
to rough regime, indicating that p is sensitive to ter-
rain condition, or the roughness length.

3.2.2  Gust factor and average wind speed

Davis and Newstein (1968) reported a linear re-
lation between the peak gust and the corresponding
mean wind speed, using the observational data from a
1000-ft (about 305-m) tower:

Umax = aU + b, (9)

where a and b are empirical constants. By substituting
Eq. (9) to Eq. (7), the expression of the gust factor
G is obtained:

UIH ax
U

G = =a+b/U (10)

A scatter plot of the 2-s/10-min gust factor (that
is, t =2 s and T = 10 min) vs. mean wind speed
for the four selected typhoons shown in Fig. 4 demon-
strates that the gust factor decreases with the increase
of mean wind speed. The green circles in Fig. 4, which
denote Typhoon Damrey, show the reciprocal relation
between the gust factor and the mean wind speed as

described in Eq. (10).
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Fig. 3. Gust factor as the function of the gust duration
time.

It is interesting to see that the gust factor varies
slightly when the mean wind speed is higher than a
certain value. According to Eq. (10), the gust factor
would not change if the mean wind speed was higher
than a certain value (such as 14 m s~! in Mitsuta
and Tsukamoto (1989)). For Typhoon Prapiroon with
a relative smooth and homogeneous upstream terrain
condition, the critical value of 14 m s~ is practicable.
But for the other three typhoons (Washi, Damrey, and
Chanchu), the critical value should be larger than 14
m s~

For every selected typhoon, the range of the gust
factor is different. The gust factor range for Typhoon
Prapiroon is the smallest, only about 0.2, while the
gust factor ranges of the other three typhoons are
all about 0.4. The difference of gust factor ranges
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among different typhoons could be attributed to differ-
ent roughness characteristics, which will be discussed
in the next section.
8.2.8 Gust factor and roughness length

Owing to the sensitivity of the gust factor to the
surrounding terrain condition, roughness must be con-
sidered when the gust factor is determined. Krayer
and Marshall (1992) estimated that the gust factor
with the surface roughness length zp = 0.03 m is
about 1.55. They used wind speed strip chart records
Through
analysis of the high-resolution wind speed data gath-

collected from four different hurricanes.

ered from Hurricane Bonnie in the Wind Engineering
Mobile Instrumented Tower Experiment (WEMITE),
Schroeder and Smith (2003) revealed the linear rela-
tionship between the gust factor and roughness length,
described by

G =czy+d. (11)

This is derived from the least square fitting method.
As shown in Table 2, the mean gust factors are

It seems that the

gust factor increases with roughness length. The scat-

different for different typhoons.

ter plots of the 2-s/10-min gust factor vs. roughness
length for the four selected typhoons shown in Fig. 5
further illustrate that the gust factor increases approx-
imately linearly with roughness length. The values of
slope ¢ in Eq. (11) for the four typhoons are 2.31, 1.89,

2.2
O + Washi
2.0 - Danmrey
[J Chanchu
/\ Prapiroon
1.8
=
8
Q
A
T 1.6
12}
=
&)
O
1.4 |
jaN
1.2
1.0
8 10 12 14 16 18 20 22 24 26

Mean wind speed

Fig. 4. Scatter plot of the gust factor vs. mean wind speed.
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(=)}
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0 0.02 0.04 0.06 0.08

Roughness length

Fig. 5. Scatter plots of the gust factor vs. roughness length for Typhoon (a) Washi, (b) Damrey, (¢) Chanchu, and (d)

Prapiroon.

2.09, and 2.00, respectively. The difference may result
from the difference in mean wind speed. As shown in
Table 2, the mean wind speeds of these typhoons are
14.1, 17.9, 16.8, and 16.8, respectively. It seems that
the lower wind speed corresponds to the higher value
of ¢, i.e., the gust factor increases faster at the lower
wind speed.

Based on Eq. (11), and with the roughness set
length as 0.03 m, the gust factors for the four ty-
phoons are estimated as 1.35, 1.37, 1.49, and 1.35, re-
spectively, smaller than the value of 1.55 from Krayer
and Marshall (1992). Since the gust factor is evalu-
ated under the same conditions: the same roughness
length (29 = 0.03 m), the same anemometer height (z
is about 10 m), and the same ¢t and T (t= 2 s and T

= 600 s), the underestimation of the gust factor may
result from the high mean wind speed (most of which
are higher than 10 m s~!). In contrast, the wind speed
of a significant portion of the hurricanes examined by
Krayer and Marshall (1992) is lower than 10 m s~!.
As discussed in Section 3.2.1, the gust factor decreases
with the increase of mean wind speed. Therefore, the
gust factors of the four typhoons with higher wind
speeds are smaller than those from Krayer and Mar-
shall (1992) even though the roughness length is the
same.

As pointed out in Section 3.2.1, the gust factor
ranges (AG) change with the roughness condition.
This can be easily explained by using Eq. (11), which
is followed by
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AG = cAz. (12)

Obviously, assuming the same slope ¢, a larger
Az corresponds to a larger AG. As shown in Fig. 5
and Table 2, the smallest Azg (about 0.0626) comes
with Typhoon Prapiroon, and the corresponding max-
The values of Azy with
the other three typhoons seem relatively large (about

imum zg is only 0.0632.

0.15). Thus, considering nearly the same slopes for
the four typhoons, AG of Typhoon Prapiroon with
the smallest Azy must be the smallest.

In order to further explain the relationship be-
tween the gust factor and roughness length, calculated
roughness length values are used to stratify the data
into various roughness regimes using the method pro-
posed in Section 3.1. A scatter plot of the 2-s/10-min
gust factor vs. mean wind speed is given in Fig. 6. We
see that the gust factor changes slightly with mean
wind speed, especially in smooth and open regimes.
The gust factors for the sea, smooth, and open regimes
are distributed into three distinct layers, but there is
no obvious difference between open to roughly open
regime and roughly open to rough regime. From bot-
tom to top, the roughness of regimes increases with the
increase of the gust factors and their ranges. Paulsen
and Schroeder (2005) obtained a similar result using
high resolution wind speed data (2-10 Hz) collected
from both landfalling TCs and extratropical systems.
8.2.4  Gust factor and turbulence intensity

The relationship between the gust factor and TI
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has been studied for many years. Choi (1983) pro-
posed that the gust factor G is proportional to I':27
based on the wind speed data measured in Hong Kong.
This was supported by Xu and Zhan (2001) and Fu et
al. (2008). The simplified expression used commonly

is given by

G=1+oal, (13)

where [ is turbulence intensity and « is the peak factor
that may change in different events. Harstveit (1996)
revealed that o values are grouped around 2.44+0.2.
He used data recorded during strong winds from five
exposed stations in inhomogenous and hilly terrain in
Norway. Li et al. (2004) reported that the value of «
was 2.21, based on field data measured from Di Wang
Tower located in Shenzhen during the passage of Ty-
phoon Sally in 1996. It should be pointed out that
different values of gust duration ¢ and average time T’
were selected by different researchers when the gust
factor were calculated. This may result in different
values of the peak factor.

Based on 10-min records, the gust factor and TI
are calculated and plotted in Fig. 7. As expected, all
points in this figure are distributed approximately on
a straight line. The fitted formulas indicating the rela-
tionship between the gust factor and turbulence inten-
sity are also shown in Fig. 7. The slopes of the straight
lines, i.e., the peak factors of the four typhoons, are
2.28, 2.42, 2.96, and 2.09, respectively.

2.2
-+ |Sea
2.0 Smooth
Open
0 Open to roughly open
1.

Roughly ppen to rpugh
]

Gust factor
[=)}

JAN|
O
j @@E@ﬁg
tK_I

1.4 - +$ N }
A
4y =
S (e A0
1.2
1.0
8 10 12 14 16 18 20 22 24 26

Mean wind speed

Fig. 6. Scatter plot of the gust factor vs. mean wind speed.
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Prapiroon.

3.3 Turbulence integral length scale

Turbulence integral scale, a measure of the av-
erage size of the turbulent eddy of the flow, varies
greatly in the atmospheric boundary layer. There are
several methods to calculate the turbulence integral
scale, which may give significantly different calcula-
tion results (Garg et al., 1997). Reed and Scanlan
(1984) determined the integral scale from an autore-
gressive (AR) model. Kato et al. (1992) pointed that
the longitudinal integral scale can be estimated from
the power spectrum density function if the longitudi-
nal fluctuation wind speed spectrum is consistent with
the Von-Karman spectrum. Liu et al. (2003) calcu-
lated the turbulence integral scale by using the tur-

bulence dissipation rate. The most commonly used

method is to integrate the autocorrelation coefficient
directly based on the definition of the integral scale.
The turbulence integral scale is defined as

1

LzM:—g/o Rz (M)dM, (14)

0;

where ¢ = u,v,w, M = xz,y, z, andaf is the vari-
ance of the wind component fluctuation. Ri5 is the
covariance function between the fluctuating velocity
uy (1, Y1, 21, t1) and ug(xe, Yo, 22, t2). The longitudi-
nal integral length scale LI can be expressed as

T 1 >
Li=— /O Ria(M)dM. (15)

According to Taylor’s frozen hypothesis, Eq. (15)
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can be modified into
1 o0 o0
LY = —2/ R, (r)dr = U/ Py (T)dT, (16)
OuJo 0

where U is the mean wind speed, and p,,, is the au-
tocorrelation coefficient function of the longitudinal
wind component, defined as:

Puu(T) = Bl{u(t) — uj{u(t +7) — U}]

o .o
where E[p(t)] is the expected value of the stationary
random process ¢(t). The expressions of lateral and
vertical integral scales can then be obtained according
to Eq. (14).

The turbulence integral scale in this paper is cal-
culated by using Eq. (16). The autocorrelation coeffi-
cient py, must be first estimated in order to calculate
the turbulence integral scale. Figure 8 shows the vari-
ation of the autocorrelation coefficient p,, with lag
time 7 for different length segments (10, 30, and 60
min) for Typhoon Prapiroon. It is seen that, for the
same lag time 7, the autocorrelation coefficient p,,,
with 10-min segment is the smallest, while p,, with
60-min segment is the largest. This indicates that the
autocorrelation coefficient depends on the length of a
segment.

According to Eq. (16), the upper limit of the in-
tegral is infinite. In practice, since Eq. (16) is ob-
tained by applying Taylor’s hypothesis, which may
cause larger errors if the autocorrelation coefficient is
too small, the upper limit of the integral is taken as
0.05, as suggested by Flay and Stevenson (1988).

1.0

10-min segment
_____ 30-min segment
........ 60-min segment

Autocorrelation coefficient

10° 10! 10? 10°
Lag time (s)

Fig. 8. Variation of autocorrelation coefficient with lag

time for different segments in Typhoon Prapiroon.
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Table 4 displays values of the turbulence integral
scale for different segments of the four typhoons. It
shows that: (1) for every typhoon, both the longitu-
dinal and lateral integral length scales increase with
the segment length. For Typhoon Damrey, the longi-
tudinal integral length scale ranges from the smallest
(210 m) for 5-min segmeant to the largest (875 m) for
60-min segment. (2) The 10-min longitudinal integral
scales for the four typhoons are 134, 287, 286, and 169
m, which are within the range of 60—400 m obtained
by Schroeder et al. (1998). (3) The relationship be-
tween L7 and L{ can be represented by their ratio.
The ratio LT /L? obtained by Smedman et al. (1995)
was about 2.5, while Cao et al. (2009) derived it to be
about 2.4, based on 10-min wind speed samples from
Typhoon Maemi. In this study, only the ratio L? /L%
in Typhoon Damrey, with a value of 2.5, is comparable
to their results. (4) The vertical integral scale, with
significantly smaller values compared with the longitu-
dinal and lateral ingegral scales, changes a little with
segment length. (5) The integral scale varies from ty-
phoon to typhoon. The ratio between the largest to

Table 4. Turbulence integral length scales

Integral Segment Washi Damrey Chanchu Prapiroon
scales (m)  (min)

5 97 210 192 125
10 134 287 286 169
20 296 370 414 288

L 30 361 488 532 499
40 597 679 593 780
60 1083 875 678 1105
5 119 92 142 167
10 190 115 192 234
20 331 179 309 314

LZ 30 471 213 368 400
40 509 323 428 510
60 890 280 736 968
5 38 68 57 63
10 34 67 63 66
20 24 64 59 60

L 30 18 66 47 61
40 15 89 48 52
60 16 114 38 76

the smallest integral scale for the 10-min segment is
287/134 =~ 2.14, and 1105/678 =~ 1.63 for the 60-min
segment.

Figure 9 shows the variations of L¥ and L7 with
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different segment lengths 7" normalized by 3600 s, with
L? and L% normalized by L (3600) and LZ (3600),
respectively. The best fitting curves obtained by the

least square method are shown as

Li(T)
i — (.907/3600 + 0.10
L2(3600) /3600 +-0.10,
L3(T)
v’ — (.867/3600 + 0.14 18
L(3600) /3600 +-0.14, (18)

where T is the average segment length in seconds. This
indicates a good linear relationship between the nor-
malized L7 and the segmeant length 7T'. As expected,
Fig. 9a is comparable to the result of Yu et al. (2008).

Figure 10 shows variations of turbulence integral
scale calculated based on 10-min segment with mean
wind speed for Typhoon Damrey. It demonstrates
that all the longitudinal, lateral, and vertical turbu-
lence scales (L%, L%, and LZ) increase with mean wind
speed in general, especially with the wind speed higher
than 16 m s~

a relatively small deviation, shows comparatively high

The vertical integral scale L, with
sensitivity to the mean wind speed, while the lateral
integral scale LY changes a little with the increasing
wind speed.

Figure 11 illustrates that all the 10-min turbu-

lence integral scales decrease with TI. The scattered
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points, with the ranges of about 500, 200, and 100 m
of the longitudinal, lateral, and vertical integral scales,
respectively, imply a highly dispersed distribution. It
can also be seen that LT and L decrease evidently in
the case that I is < 0.16.

4. Conclusions

Using high resolution data observed from different
sites in southern China during four typhoon passages,
a thorough analysis of the gust factor and turbulence
integral scale characteristics was performed. The re-
sults are concluded as follows:

(1) The gust factor decreases with increase of the
gust duration, and decreases more rapidly in rougher
regimes.

(2) In general, the gust factor decreases with the
mean wind speed, but will not change if the mean wind
speed is higher than a critical value, which is suggested
to be 14 m s~ (Mitsuta and Tsukamoto, 1989) under
a relative smooth and homogeneous upstream terrain
condition. When it comes to rough and inhomoge-
neous conditions, the critical value will be larger than
14 mst.

(3) The gust factor is sensitive to roughness
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Fig. 9. Integral length scale ratios of (a) L (1')/L5(3600) and (b) L3 (T)/L5(3600) vs. the record length ratio 7'/3600.
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Fig. 10. Variations of turbulence integral scale with the (a) longitudinal, (b) lateral, and (c) vertical components of
the mean wind for Typhoon Damrey.
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Fig. 11. Variations of turbulence integral scale with the (a) longitudinal, (b) lateral, and (c) vertical components of
the turbulence intensity for Typhoon Damrey.

length. On the whole, the gust factor increases ap-  1.57, respectively, for the sea, smooth, open, open to
proximately linearly with roughness length. The 2-  roughly open, and roughly open to rough regime.
$/10-min gust factors are 1.29, 1.33, 1.42, 1.51, and (4) The relationship between the gust factor and
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G =1+ al.

stant «, usually called the peak factor, is different

TI can be described as: The con-
from typhoon to typhoon due to different roughness
characteristics. The values of o are 2.28, 2.42, 2.96,
and 2.09, respectively for typhoons Washi, Damrey,
Chanchu, and Prapiroon.

(5) The autocorrelation coefficient, longitudinal
and lateral turbulence integral scales increase with
the segment length. The vertical turbulence integral
scale is much smaller than the longitudinal and lateral
ones, and changes a little with the segment length.
The 10-m longitudinal integral scale ranges from 134
to 287 m, while the 60-min longitudinal integral scale
changes from 678 to 1105 m. It seems that 10 and
60-min integral scales are not in the same order. Only
the ratio L% /L% in Typhoon Damrey, with a value of
2.5, is comparable to previous results.

(6) The longitudinal, lateral, and vertical tur-
bulence integral scales increase with the mean wind
speed, and decrease with the turbulence intensity.

From the above discussion, it follows that proper
and thorough analysis of turbulence characteristics of
typhoons in South China may help with the design
and risk evaluation of tall buildings in prevention of
future typhoon attacks.
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