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Abstract

1. Introduction

A low-rise building and a tower were constructed near Shanghai

Typhoon has the characteristics of sudden strong and
great damage, and is one of the worst natural disasters
in the world. The coastal areas of eastern China are
very important in China due to the large population and
developed economy but these areas are frequently hit by
typhoon. Every year, the landfalls of typhoon in these
areas cause tremendous deaths and injuries and also severe
damage to the national economy. To reduce the huge
losses of economy and casualties caused by typhoon, the
characteristics of wind load produced by typhoon need to
be investigated in detail.
The ﬁeld measurement of near-ground wind characteristics is one of the hot research topics in wind engineering,
which is useful for calibrating standards of building design
and also providing valuable information for the inﬂow simulation of wind tunnel test. Although this research starts
late in China, it is developing rapidly and many achievements have been created ([1]–[5]). But so far, there is a
severe shortage of the ﬁeld measurements of near-ground
proﬁles of wind characteristic parameters during typhoon
due to the limitations of ﬁeld measurement conditions.
Field measurements conducted by Fu et al. [6] investigated the boundary layer wind characteristics over
typical open country and urban terrains. The ﬁeld data
such as wind speed and wind direction were continuously
recorded from the observation tower and the two super-tall
buildings during the passage of Tropical Storm Sanvu. The
ground roughness, mean wind speed and direction, turbulence intensity, gust factor, turbulence integral length
scale and spectra of wind speed ﬂuctuations were analysed. It was found that the measurement results from the
observation tower and the CPT tower indicated that the
longitudinal gust factor values gradually decreased with
increase in the mean wind speed, and the von Karman
spectra models were identiﬁed to describe the energy distribution fairly well for the wind speed components in the
longitudinal, lateral and vertical direction. Li et al. [7]
investigated the vertical distributions of mean wind speed
and atmospheric turbulence characteristics over a typical

Pudong International Airport by East China Sea to investigate
characteristics of wind ﬁeld and wind pressure on the surface
of the roof.

This paper ﬁrstly introduces the overview of the

ﬁeld measurement system and then presents the ﬁeld measurement
results of near-ground wind characteristics over a typical ﬂat area
near the Yangtze River estuary during typhoon HAIKUI. Variations of the wind characteristic parameters, such as mean wind
speed, longitudinal turbulence intensity, gust factor and turbulence
integral scale, along the height are analysed.

It is found that

the neutral atmospheric stratiﬁcation (|z/L| ≤ 0.1) occurred in the
periods corresponding to the relatively high mean wind speed, and
z/L has greater dispersion when the wind speed is relatively low.
The dispersion of friction velocity is large when wind speed is
small, and its variation with the mean wind speed is not obvious, but when the mean wind speed is larger, the friction velocity increases signiﬁcantly with the mean wind speed.

The mea-

sured mean wind speed proﬁle is in good agreement with power
and logarithmic law. Besides, the proﬁles of turbulence intensity,
gust factor and turbulence integral scale factor are presented and
empirical expressions are given by ﬁtting the proﬁle curve, which
is useful for wind-resistant design of engineering structures in the
future.
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Figure 1. Moving track of typhoon HAIKUI (a) and the photo of the observation tower (b).
measurement on wind characteristics is not exceptional.
In this study, the measured data of wind speed were obtained from the installed anemometers on the lattice tower
in the ﬁeld test site during typhoon HAIKUI. The mean
wind speed and wind direction, turbulence intensities,
gust factors, turbulence integral scale, etc. are analysed.
Besides, wind speed proﬁle, turbulence intensity proﬁles
and turbulence integral length scale proﬁles are compared
with the results from the design load code of China and
other well-known wind codes.

urban area. The wind data were measured from more
than 30 anemometers installed on the 325 m high Beijing
Meteorological Tower during numerous wind storms. Proﬁles of mean wind speed are presented based on the ﬁeld
measurements and are compared with empirical models’
predictions. Besides, turbulence intensity, gust factor, turbulence integral length scale and power spectral densities
of the three-dimensional ﬂuctuating wind velocity are presented and used to evaluate the adequacy of the existing
theoretical and empirical models. The research shows that
the measured wind speed proﬁles demonstrate variations in
the mean wind speed. The proﬁles above 100 m under low
wind speed conditions show a more remarkable tendency to
deviate from the log-law proﬁle. In 2005 and 2006, the wind
data of four typhoons were recorded by sonic anemometers at four observation sites in Guangdong and Hainan
provinces [8]. Characteristics of the gust factor and the
turbulence integral scale of four typhoons were analysed
and 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. Huang et al. [9] investigated mean
wind speed and direction, wind speed proﬁles, turbulence
intensities, gust factors and peak factors on the east coast
of Shanghai during typhoon Muifa. The data are recorded
by eight anemometers, which were mounted on a 40 m
tower. It is found that the measured mean wind speed proﬁle agrees well with power-law and log-law models under
40 m height. Besides, the proﬁles of turbulence intensity
and gust factors and the variations of gust factors with
gust averaging time are analysed and the related empirical
ﬁtting formulas are also given. Also, many other studies
[10]–[12] have focused on wind proﬁles and characteristics
of typhoon based on ﬁled measurements or numerical simulations. The studies mentioned above can provide useful
information on the boundary layer wind characteristics for
the wind-resistant design of tall buildings and high-rise
structures. However, the typhoon characteristics have not
been fully understood.
In some cases, ﬁeld measurement is more eﬀective to
reﬂect the condition of the real case [13], [14], and ﬁeld

2. Field Measurements
2.1 Description of Typhoon HAIKUI
Figure 1(a) shows the moving track of typhoon HAIKUI.
On August 1, 2012, a tropical depression was born at the
southeast sea of Iwo Jima, and then it developed to a
tropical storm at the southeast Paciﬁc Ocean of Okinawa
County on August 3 and was named Haikui. On August
5, it moved to the East China Sea and evolved to a severe
tropical storm. Afterwards, it upgraded to a typhoon on
August 6 and enhanced as a severe typhoon on August 7.
Finally, the typhoon Haikui landed at Xiangshan County,
Zhejiang Province with the wind scale at the bottom centre
exceeding 14 at 3:00 a.m. on August 8. The maximum
10 min mean wind speed at 10 m height was found to be
28 m/s, and the lowest pressure was 980 hPa. Figure 1(a)
also shows the position of the ﬁeld test site, and Fig. 1(b)
shows the photo of tower in this site. During typhoon
HAIKUI, force 10–12 wind was normally appeared on
the inland of Ningbo, and force 12–14 wind existed on the
coastland. The wind up to force 10 lasted 42 h, and the
max wind speed is 50.9 m/s tested in Shipu Town.
2.2 Experimental Instruments and Facilities
Pudong district in Shanghai is the area where strong wind
especially strong typhoons frequently occur each year. So,
the laboratory for ﬁeld measurement had been set up by
State Key Laboratory of Disaster Reduction in Civil Engineering of Tongji University for the study of turbulence
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Figure 2. Position of the ﬁeld test site and photos of the tower and three-dimensional ultrasonic anemometers.

Figure 3. The arrangements of anemometers.
anemometers were installed on this tower to record the
wind speed and wind directions, and the heights of these
anemometers are 10, 20, 30, and 40 (see Fig. 3). The
distance between the anemometer and the tower body
was far enough to avoid the inﬂuence of tower body on
the data acquisition. Three types of anemometers were
used: three-dimensional sonic anemometers (R.M. Young
81000), two-dimensional sonic anemometers (R.M. Young
85106) and propeller anemometers (R.M. Young 05305V).

characteristics near ground and wind eﬀects on low-rise
buildings in the ﬁeld. The ﬁeld laboratory is located on ﬂat
area close to the Yangtze River estuary, and in the vicinity
of Shanghai Pudong International Airport. It consists of a
test building and a meteorological tower.
A lattice tower was built in this site, whose height
is 40 m. Figure 2 shows the position of the ﬁeld test
site and the photos of the tower and three-dimensional
ultrasonic anemometers installed on this tower. Four
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The wind direction of θ = 0◦ corresponds to the north, and
the positive wind directions were deﬁned by the clockwise
rotation. The analysis in this paper is based on the data
from the three-dimensional sonic anemometers because
these anemometers can record the wind-speed ﬂuctuations
in three dimensions. The data from the other types of
anemometers were used only to supplement and correct
the results.

deviations of speed components to the longitudinal, lateral and vertical mean wind speeds of 10-min time series,
respectively. The calculating equations are as follows:
Iu =

σu
,
U

Iv =

 
  
z
z
U0∗
+ ψm
ln
U (z) =
k
z0
L

(1)

Gu (tg ) = 1 +

max(u(tg ))
,
U

where z is the height above the surface; z0 , the roughness length, is a measure of the roughness of the ground
surface; U (z) is the mean wind speed at the height z;
U0∗ is the surface friction velocity; k is von Karman’s
constant, and has been found experimentally to have
a value of about 0.4; L is the Monin–Obukhov length;
ψm is an universal function. When z/L is zero, (1) can
be simpliﬁed to the following equation:
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U

ln(z/z0 )

2
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U (z)
=
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,
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(6)

3.4 Turbulence Integral Scale

(2)

The turbulence integral scale is a measure of the average
size of the turbulent eddy of ﬂow and it varies greatly in
the atmospheric boundary layer. Several methods were
provided to calculate the turbulence integral scale in previous studies, but they provided signiﬁcantly diﬀerent calculation results [17]–[21]. The calculation method used in
this paper is as follows:

(3)

where u , v  and w are the ﬂuctuating components in
the x, y and z directions, respectively.
(2) Power law
The power law has no theoretical basis but has been
widely used in wind engineering to describe the mean
wind speed proﬁle because of its simplicity [15]. It can
be calculated by the following equation:


Gv (tg ) = 1 +

where max(u(tg )), max(v(tg )) and max(w(tg )) are the
maximum mean wind speed in the period of tg for longitudinal (u), lateral (v) and vertical (w) ﬂuctuations,
respectively.

Friction velocity for airﬂow can be written in the
general form as follows:
2

(5)

The gust factor is another important parameter to
describe the intensity of ﬂuctuating components of wind
speed. The gust factor is deﬁned as the ratio of the gust
speed within gust duration tg to the mean wind speed U
in an elementary time interval. It is expressed as

(1) Logarithmic law
According to the asymptotic similarity considerations
for a neutral atmospheric boundary layer, a wind speed
proﬁle can be expressed as [15], [16]

k

σw
U

3.3 Gust Factor

3.1 Wind Speed Profile Models

U (z) =

Iw =

where σu , σv and σw are the root mean square values of the
ﬂuctuating wind speed components in longitudinal, lateral
and vertical direction, respectively.

3. Wind Characteristics

U0∗

σv
,
U
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1
= 2
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0

∞

Ri1 i2 (x)dx,

i = u, v, w

(7)

where σi2 is the variance of the wind component ﬂuctuation and Ri1 i2 (x) is the covariance function between the
ﬂuctuating velocity at two positions i1 and i2 .
4. Results and Discussions

α
(4)

4.1 Wind Speed and Wind Directions
According to the regulations of the Chinese load code for
the design of building structures [22], the whole time-series
sample of wind speed was partitioned into 10-min timeseries samples to analyse the variation of the 10-min mean
wind speed and wind direction during typhoon. Figures 3
and 4 show variations of 10-min mean wind speed and
10-min mean wind direction at heights of Z = 10, 20, 30
and 40 m during typhoon HAIKUI. In Fig. 4, it is found
that the 10-min mean wind speed shows a peak at various
heights during typhoon HAIKUI, and the 10-min mean

where Zref is the reference height, usually taken to be
10 m and α is the ground roughness exponent.
3.2 Turbulence Intensity
The turbulence intensity is an important parameter to determine the wind-induced dynamic response of structures.
The turbulence intensities in longitudinal, lateral and vertical directions are deﬁned as the ratios of the standard
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the neutral stratiﬁcation (|z/L| ≤ 0.1) was occurred
under the condition of high wind speed, and the values
of z/L are dispersed under the condition of low wind
speed. Moreover, when the mean wind speed is larger
than a certain value, the values of z/L slightly vary
with the mean wind speed, and tends to be stable at
z/L = 0. Consequently, it can be considered that the
atmospheric stratiﬁcation tends to be neutral under
the condition of high wind speed. We can say that
log law is complied with ﬁeld measurement when wind
speed is high enough.
(2) Friction velocity
Figure 7 presents the variation of the friction velocity
with mean wind speed at various heights, and the
friction velocity is calculated by (3). It is found
that variation tendencies of friction velocities with
the mean wind speed are similar at three heights.
The dispersion of friction velocities is large under the
condition of the low height (Z = 10 m). However,
when the height is larger, it can be found that the
friction velocity obviously increases with the mean
wind velocity, which is similar to the results by Li et al.
[7]. Besides, the mean friction velocities calculated by
the data at heights of Z = 10, 20 and 30 m are 1.23,
1.19 and 0.83 m/s, respectively, which indicates that
the mean friction velocity decreases with increasing
the height. And the mean friction velocities obtained
will be used to the analysis of wind speed proﬁles by
logarithmic law.

Figure 4. 10-min mean wind speed versus time.

(3) Roughness index
The power velocity proﬁles were adopted by Chinese
load code for the design of building structures to describe the mean wind speed proﬁle in the atmospheric
boundary layer [22]. The geomorphologies were divided into four types according to the terrain roughness
which is an important parameter for the wind-resistant
design of structures. The geomorphic types A, B, C
and D correspond to the roughness indexes of α = 0.12,
0.15, 0.22 and 0.3, respectively. Figure 8 presents the
variation of the measured roughness index with the
mean wind speed, and the measured roughness indexes
are obtained by ﬁtting the mean wind speed at heights
of Z = 10, 20, 30 and 40 m in the form of power law. It
is found that the roughness index shows a decreasing
trend with increasing the mean wind speed. However,
it is noteworthy that the measured mean roughness
index is larger than 0.3 due to the inﬂuence of the
complicated surroundings around the ﬁeld test site.

Figure 5. 10-min mean wind direction versus time.

wind speed shows an increasing trend with increasing the
height. The max 10-min mean wind speed at 40 m is 21.89
m/s at the time of about 10 o’clock on August 8, 2012.
In Fig. 5, it is found that the 10-min mean wind directions
are all between 60◦ and 180◦ , and the 10-min mean wind
direction almost linearly increases with the time due to
anticlockwise rotation of typhoon.
4.2 Near-Ground Wind Characteristics
(1) Atmospheric stability
z/L is the ratio of the height with the Monin–Obukhov
length, which is used to determine the stability of the
atmospheric stratiﬁcation. The calculation method
used in this paper is as follows:
z/L = −

(g/T )(wT )
(U0∗ )3 /(kz)

(4) Wind speed proﬁles
The variation of mean wind speed with height near
the ground is an important issue which has attracted
much attention in wind engineering. Figure 9 presents
the mean wind speed proﬁles for various periods corresponding to various mean wind speed during typhoon.
It is found that the mean wind proﬁle, the maximum
wind proﬁle and the wind proﬁles corresponding to
various periods during typhoon are diﬀerent, which
means that the wind proﬁles are not constant during
typhoon HAIKUI.

(8)

where g is the acceleration of gravity, T is the thermodynamic temperature and wT is the thermal ﬂux.
Figure 6 presents the variations of z/L with the
mean wind speed at various heights. It is found that
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Figure 6. Variation of the atmospheric stability z/L with the mean wind speed: (a) 10 m; (b) 20 m; (c) 30 m; and (d) 40 m.

Figure 7. Variation of the friction velocity with mean wind speed at various heights: (a) 10 m; (b) 20 m; and (c) 40 m.

logarithmic law by ﬁtting the measured data are also
given in Fig. 10. It is found that the power and
logarithmic velocity proﬁles are in good agreement
with the measured velocity proﬁles, which is consistent
with the results from typhoon Meifa [23].

To compare the measured wind proﬁles with the
empirical proﬁles, Fig. 10 presents the mean wind
proﬁles calculated by the periods corresponding to
the mean wind speed larger than 8 m/s and smaller
than 8 m/s. Besides, empirical proﬁles of power and
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Table 1
Expressions for the Turbulence Level in the Speciﬁcation
Standards

Empirical Equations
Iu = c(33/z)1/6

ASCE7-10 [24]

AIJ2004 [25]

Iu =

Eurocode [26]

(9)

⎧
⎪
⎨ 0.1(z/zg )−α−0.05 ,

zb < z < z g

⎪
⎩ 0.1(zb /zg )−α−0.05 ,

z ≤ zb

Iu =

⎧
⎪
⎨

1
ln(z/z0 )

⎪
⎩ 0.27 ,

,

2 ≤ z ≤ 200

(10)

(11)

z≤2

Table 2
Turbulence Intensity Proﬁles Fitting Formula

Figure 8. Variation of roughness index with mean wind
speed.

Wind Direction
Longitudinal
Horizontal
Vertical

Fitting Formula

R2

Iu = 0.14(40/z)0.717

0.95

0.743

0.96

Iv = 0.10(40/z)

Iw = 0.076(40/z)0.686 0.97

4.3 Turbulence Intensity Profiles
The turbulence intensity, especially the longitudinal turbulence intensity, is an important parameter to illustrate
the characteristics of the near-ground wind, and the design
standards from many countries have given the empirical
equations to illustrate the variations of the turbulence intensity with height. Table 1 presents the empirical equations from ASCE7-10 [24], AIJ2004 [25] and Eurocode [26].
To compare the measured turbulence intensity proﬁles
with the empirical proﬁles from these design standards,
the parameters in these empirical equations are assigned
as follows: according to the geomorphic type of the surrounding area around the ﬁeld test site [9]. According to
ASCE7-10 [24] and GB50009-2012 [22], c equals to 0.3 in
(9); α equals to 0.2, zg equals to 450 m and zb equals to
10 m in (10); and z0 equals to 0.3 m in (11).
For the use in engineering design, Table 2 presents
the ﬁtting formulas of turbulence intensity proﬁles by the
least square method at three directions in the form of
Iu = a(40/z)b , which is in accordance with the empirical
formula by ASCE7-10 [24].
Figure 11 compares the longitudinal turbulence intensity proﬁle with the proﬁles from design standards of
ASCE7-10 [24], AIJ2004 [25] and Eurocode [26]. It is found
that the ﬁeld testing result at Z = 10 m is close to the
result from ASCE7-10 [24], but signiﬁcantly larger than
the results from AIJ2004 [25] and Eurocode [26]. However,
the ﬁeld testing results at Z = 20 and 30 m are close to the
results from AIJ2004 [25] and Eurocode [26] but obviously
smaller than the results from ASCE7-10 [24]. Moreover,
the measured result at Z = 40 m are smaller than the results from these three design standards. Figures 12 and
13 present the measured horizontal and vertical turbulence

Figure 9. Mean wind speed proﬁles at diﬀerent wind speed.

Figure 10. Comparison between measured wind speed
proﬁles and empirical proﬁles.
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Figure 11. Variation of the longitudinal turbulence
intensity with heights.

Figure 13. Variation of vertical turbulence intensity with
heights.
Table 3
Fitting Formulas of the Gust Factor Proﬁles at
Various Directions
Wind Directions

Fitting Formula

R2

Longitudinal

Gu = 1.68(z/10)−0.204 0.99

Horizontal

Gv = 0.41(z/10)−0.562 0.98

Vertical

Gw = 0.25(z/10)−0.456 0.97

Figure 12. Variation of horizontal turbulence intensity
with heights.
intensity proﬁles, and also give the ﬁtting formulas for
these proﬁles. It is noteworthy that obvious deviations
are observed for the measured results at Z = 10 m, and the
horizontal and vertical turbulence intensities calculated by
the wind speed time series corresponding to the maximum
mean wind speed are obviously smaller than the mean
values of the horizontal and vertical turbulence intensities.
4.4 Gust Factor Profiles

Figure 14. Variations of the gust factors with the height.

The gust factor is an important parameter to illustrate the
wind characteristics. Table 3 represents the ﬁtting formulas
for the gust factor proﬁles at three directions and the ﬁtting
formula is Gi = a(z/10)β . Figure 14 shows the measured
gust factors at various directions and heights, and the
ﬁtted proﬁles at three directions are also given in Fig. 14.
As shown in the ﬁgure, the ﬁtting proﬁles of the gust
factors are in good agreement with the results from ﬁeld
measurements, which illustrates that the ﬁtting formulas
presented in Table 3 can reliably reﬂect the variations the
gust factors with the height.

4.5 Turbulence Integral Scale Profiles
Currently, the design standards from various countries
have their own regulations about the variations of the
turbulence integral scale with height, but their empirical
equations are diﬀerent and the results of these equations
have a relatively large diﬀerence. Figure 15 shows the
variation of the longitudinal turbulence integral scale with
the height from typhoon HAIKUI. The measured results
from typhoon Meifa [23] and the simulated proﬁles of the
empirical equations from ASCE7-10 [24] and AIJ2004 [25]
273

lattice tower in the ﬁeld test site. The main conclusions
are as follows:
(1) The neutral atmospheric stratiﬁcation (|z/L| ≤ 0.1) all
occurred in the periods corresponding to the relatively
high mean wind speed, and z/L has greater dispersion
when the wind speed is relatively low; when the mean
wind speed is larger than a certain value, the variation
of the z/L with the mean wind speed is small, and
tends to stable at 0.
(2) Variation tendencies of the friction velocity with the
mean wind speed at various heights are similar. When
wind speed is small, the dispersion of friction velocity
is larger, and its variation is not obvious with the
mean wind speed, but when the mean wind speed is
larger, the friction velocity increases signiﬁcantly with
the mean wind speed.
(3) The measured mean wind speed proﬁle from typhoon
HAIKUI is in good agreement with power law and
logarithmic law, which is consistent with the observed
results from typhoon Meifa [23].
(4) The longitudinal turbulence integral scales at various
heights from typhoon HAIKUI are obviously smaller
than the observed results from the typhoon Meifa
and the simulated results from the design standards;
The variation trendencies of the horizontal turbulence
integral scales from typhoon HAIKUI are similar to
that from typhoon Meifa, but the values are obviously
smaller. The proﬁle of vertical turbulence integral
scales from typhoon HAIKUI is considerably close to
that from typhoon Meifa.

Figure 15. Proﬁles of longitudinal turbulence integral
scales.
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Figure 16. Proﬁles of horizontal and vertical turbulence
integral scales.
are also given in Fig. 16 for comparison. It is found
that the longitudinal turbulence integral scales at Z = 10,
20 and 30 m from typhoon HAIKUI are obvious smaller
than the observed results from the typhoon Meifa and the
simulated results from the design standards. At the height
of Z = 40 m, the longitudinal turbulence integral scale from
typhoon HAIKUI is considerably close to the result from
the empirical equation of ASCE7-10 [24].
In addition, Fig. 16 shows the measured proﬁles of
horizontal and vertical turbulence integral scales from
typhoon HAIKUI and typhoon Meifa. It is found that the
variation tendencies of horizontal turbulence integral scales
from typhoon HAIKUI are similar to those from typhoon
Meifa, but the values are obviously smaller. However, the
proﬁle of vertical turbulence integral scales form typhoon
HAIKUI is considerably close to that from typhoon Meifa.
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