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Abstract

Probability distributions of the three wind velocity components measured at a height of 26 m near the coast in
Keelung, Taiwan were studied using statistical models found in the literature. Both the linear Gaussian distribution and
a weakly nonlinear model were used. It is shown here that, for this speci"c site, the model based on the Gram}Charlier
type A series expansions can be used to model all the three #uctuating velocity components more satisfactorily than the
Gaussian model. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Winds are inevitably of turbulent nature. The #uctuat-
ing velocity components constitute the major character-
istics of a turbulent wind "eld, which leads to enhanced
momentum and mass transfer within the atmospheric
boundary layer. Across the air-sea boundary layer, tur-
bulent winds contribute the major portion of the energy
and momentum exchange between the atmosphere and
the ocean, which then dominates our local weather sys-
tems (Smith et al., 1992). Knowledge of the wind climate
is important for a variety of reasons. In short terms, the
statistical characteristics of the horizontal wind velocity
components are vital for studying and modelling of the
pollutant transport process (Weber, 1998). In long terms,
the civil engineers may need to know the most probable
extreme wind speed to design and construct their struc-
tures (Cook, 1985; Simiu and Scanlan, 1996).

It is generally assumed that the distributions of the
horizontal wind components can be described through
the Gaussian model. Weber (1998) used an isotropic
Gaussian model (IGM) to describe the relation between

the longitudinal and the lateral components of the hori-
zontal wind vector. He found that the standard devi-
ations of the horizontal velocity components, p

v
and p

u
,

can be accurately estimated using this model. In passing,
it should be noted that one of the basic assumptions that
resulted in a normal distribution is that the phenomenon
under consideration is the cumulative result of many
independent in#uential factors (Thiebaux, 1994). In this
respect, it seems hardly conceivable that the horizontal
components of the local winds could satisfy this assump-
tion.

Quite often, available wind data are in forms of 10 min
mean speeds and directions. Wind data in this form can
be used to study the long-term statistical properties but
are not suitable for the present purpose. To study the
#uctuating characteristics of a local wind "eld, continu-
ously recorded data with a relatively high sampling rate
are required. In 1998, an ultrasonic anemometer was
installed on the roof of the Department of Harbour and
River Engineering of National Taiwan Ocean University.
Data recording started in May 1998 and continued to the
present day. This paper summarizes some of the prelimi-
nary results.

In the following, we further divide this article into four
sections. Section 2 contains a short description of the
measuring site and the instrumentation. In Section 3, we
brie#y describe the models used in this study. The results
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of our analyses, together with discussions, will be pre-
sented in Section 4. It is shown there that the statistical
distributions for all the three #uctuating wind compo-
nents could be better described with the Gram}Charlier
series expansions. A short conclusion in Section 5 then
closes this paper.

2. The measuring site and instrumentation

2.1. The measuring site

The characteristics of a wind "eld can be in#uenced by
factors such as the underlying topographical con"gura-
tions, or the strati"cation of the atmosphere. The most
predominant one among these factors is the topographic
conditions, which are responsible for the roughness
length and thus the velocity pro"le above. The measuring
site of the present study is not ideal in that, the Institute
building is located approximately 50 m away from the
coast, and a small hill of approximately 150 m height is
located some 150 m in front of the building. The 5-#oor
Institute building, together with a small water reservoir
atop of it, is approximately 23 m high. As was shown by
many researchers (e.g. Singh et al., 1994), building
con"gurations have profound e!ects on the variations
of the velocity components. In this respect, results
presented in this paper cannot be considered representa-
tive of the natural atmosphere. However, since Taiwan
is a mountainous island with the second densest popu-
lation of the world, it was considered that, the
geographical conditions of the present measuring site
should be representative of those most frequently en-
countered in Taiwan. It is also hoped that, in long terms,
statistical properties of the present measuring station
could be compared and extrapolated to other measuring
stations around the island. A schematic sketch showing
the geographical location of the measuring site is given in
Fig. 1.

The city Keelung is located in the northeastern part of
Taiwan with one side facing the Paci"c Ocean. Approx-
imately nine months of a year, starting from September
to May the next year, the city experiences relatively
strong monsoon winds with the prevailing direction of
NNE. In the rest of the months, especially in summer
seasons, mild southwest winds are predominant. How-
ever, with occasional typhoon invasions in these months,
the recorded extreme wind speeds can exceed 35 m s~1.
According to the records of the Central Weather Bureau
(CWB) of ROC, in the 10-yr period from 1984 to 1994,
only approximately 3.4% of the recorded wind speeds are
in range from 13.9 to 17.1 m s~1. It should be mentioned
that in this statistics the extreme winds due to typhoon
invasions are excluded. All these strong winds occurred
during the winter seasons.

2.2. The instrumentation

A 3-D ultrasonic anemometer, type TJ-61B of the
KAIJO Corporation, was mounted on a mast. As shown
in Fig. 1, the 3 m mast is anchored on the roof of
the building of the Department. The total height of the
anemometer is 26 m above the ground. According to the
manufacture speci"cations, wind speeds up to 60 m s~1

can be measured reliably by the anemometer. The resolu-
tion of the measurement is 0.005 m s~1. Temperature
can also be measured from !10 to 403 Celsius, with a
resolution of 0.0253C. The positive x-axis of the anemom-
eter is oriented toward the west and the positive y-axis
toward the south, with the z-axis positive upwards. Vari-
ations of the three components of the wind speeds were
recorded continuously. The sampling rate is 20 Hz. Cha-
nges of temperature were also recorded simultaneously,
but these were not used here in this paper. Data record-
ing started on 20 May 1998, and was stored in "les
separated by the hours of the day. An hourly data thus
contains approximately 72,000 data points.

At "rst, we have used the whole data set of the 60 min
records to determine the possible distributions of the
three #uctuating velocity components. It was then de-
cided that, data sets with such a long duration could
violate the stationarity assumption, and results of the
statistical inference may thus become questionable. We
have further divided each of the 1 h data record into six
10 min interval sub-records. The mean values, as well as
the turbulent #uctuations, of the velocity components
were then recalculated, and the parameters for the statist-
ical models were reestimated for each of the sub-intervals.
All analyses were conducted on an IBM compatible
personal computer with a Pentium II processor. Both the
60 and the 10 min results are presented in this paper.

3. Statistical models used

All data sets were "rst mean- and trend-removed
(Bendat and Piersol, 1986). The #uctuating velocity
components were normalized using their respective
root-mean square (rms) values, x( @

i
"x@

i
/x@

i3.4
, where

x@
i
"(u@, v@,w@). In the following, the hatch above the velo-

city components will be dropped for simplicity. Two
statistical models were applied in this study to explore
the possible distributions of the three #uctuating velocity
components. The applied models are:

1. The normal or Gaussian distribution.

p(x, k, p)"
1

pJ2p
exp C!

(x!k)2

2p2 D, (1)

where x denotes the normalized #uctuating compo-
nents, x"x@/x@

3.4
, with x@"(u@, v@,w@), k is the mean,

and p is the standard deviation of the sample set. The
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Fig. 1. Schematic geographical location of the measuring site.

mean value determines the location of the peak of the
distribution, and is often called the location para-
meter. The standard deviation, p, determines the
spread of the curve, and is known as the scale para-
meter (Hahn and Shapiro, 1967).

2. The Edgeworth's type A of the Gram}Charlier series
expansion (Ochi, 1992):
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where x is the dimensionless #uctuations, and k
n

the
nth cumulant, and

t"
x

Jk
2

, (3)
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Fig. 2. Distribution of the 60 min longitudinal velocity compon-
ent, u@. Data measured on 15 August 1998 from 12:00 noon to
01:00 p.m.

j
n
"

k
n

(Jk
2
)n

, (4)

H
n

is the nth Hermit polynomial, with

H
3
(t)"t3!3t, (5.1)

H
4
(t)"t4!6t2#3, (5.2)

H
5
(t)"t5!10t3#15t. (5.3)

Use of higher-order terms for the series does not
necessarily guarantee a better result (Ochi, 1992). Dur-
ing the "t, all calculations of the series were therefore
stopped at the "fth order.

Eq. (2) was derived by Longuet}Higgins (1963) using
the so-called cumulant generating function. He showed
that when the "nite amplitude e!ects of water waves
become important, the probability distribution of the
surface #uctuations will deviate from normality and is
then better described by this model. Huang and Long
(1980) used wind}wave #ume data to study the probabil-
ity distribution of the water surface. They demonstrated
that the Gram}Charlier series expansion could "t
the skewed distribution of the surface elevations more
adequately than the Gaussian model. It should be
mentioned that occasionally, the Gram}Charlier series
expansions may have negative values. This is the major
drawback of the model when used as a probability func-
tion. Fortunately, our experiences have shown that this
does not occur often, and even if the negative values do
result, they are often small enough to be neglected.

s2 goodness-of-"t test were conducted for the Gaus-
sian distribution. To evaluate the s2-test results, a pre-
requisite is the knowledge of the degrees of freedom of the
underlying statistical model. Since the degrees of freedom
depend on the parameters of the distribution, no s2

goodness-of-"t test could therefore be performed for the
Gram}Charlier series. Furthermore, the s2-test is known
not to be as stringent as other available tests. The "tted
results were therefore further veri"ed using the Kol-
mogorov}Smirnov test (Ochi, 1992).

As mentioned earlier, the measured horizontal wind
velocity components are oriented in the north}south and
east}west directions. Weber (1998) showed that the vari-
ances of these velocity components could be transformed
into the instantaneous x- and y-components through the
following relationships:

e6 "
1

N

N
+
i/1

e
i
, (6)

n6 "
1

N

N
+
i/1

n
i
, (7)

where e
i
and n

i
are, respectively, the measured east}west

and south}north wind components, e6 and n6 are the mean

wind speeds of the 10 min interval. A mean direction, hM ,
can be de"ned using these mean values:

hM "tan~1A
n6
e6 B, (8)

which is measured counterclockwise from the east}west
direction. Weber further showed that the variances of the
longitudinal and lateral wind components can be com-
puted through the following equation:

p2
u
"p2

e
cos2 hM #p2

n
sin2 hM #2p

en
cos hM sin hM , (9)

p2
v
"p2

e
sin2 hM #p2

n
cos2 hM !2p

en
cos hM sin hM , (10)

where p2
e

and p2
n

are, respectively, the unbiased estimate
of the variances of the east}west and north}south velo-
city components (Weber, 1998). Eqs. (9) and (10) were
used in this paper to compute the variances of the longi-
tudinal and lateral velocity #uctuations, as well as to
estimate their interrelationships.

4. Results and discussion

In this section, we show some results to demonstrate
our argument that the Gram}Charlier series can be used
more satisfactorily than the Gaussian. The data were
selected randomly from our calculations without any
pre-judgements.

Probability distribution of the longitudinal velocity
#uctuations is shown in Fig. 2, together with the two
models used in this paper. In this "gure, the 60 min data
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Fig. 3. Distribution of the 60 min lateral velocity component, v@.
Data measured on 15 August 1998 from 12:00 noon to
01:00 p.m.

Fig. 4. Distribution of the 60 min vertical velocity component,
w@. Data measured on 15 August 1998 from 12:00 noon to
01:00 p.m.

Fig. 5. Distribution of the longitudinal velocity component, u@.
Data measured on 15 August 1998 at 12:00 noon. Only 10 min
data were used (12:21}12:30 noon).

set as a whole was used. The data were recorded on 15
August 1998 for the time period from 12:00 noon to
01:00 p.m. As can be seen from this "gure, strictly speak-
ing, none of the statistical models applied can be used to
describe the distribution of this particular data set.
A large portion of the velocity components are seen to
have values larger than their root-mean-square (RMS)
value, and this has caused the whole dimensionless data
set to be skewed toward left. However, the curve due to
the Gram}Charlier series expansion does model the
trend of the distribution correctly. Note also that this
curve has negative values on both sides of the horizontal
axis.

Fig. 3 is the result of "tting the lateral #uctuating
components with the two distribution models. The same
data set as that of Fig. 2 was used. This time, the distribu-
tion is a little skewed toward right, which is truthfully
re#ected by the Gram}Charlier series. Shown in Fig. 4 is
the distribution of the vertical velocity #uctuations.
As can be seen, although not as skewed as the other
two components, the most part of this velocity is larger
than the RMS value, which causes the histogram to have
a tail on the left-hand side, and thus also deviates from
normality.

As mentioned earlier, the 60 min data were also
divided into six 10 min sub-sections to study their statist-
ical properties. The distributions of the three velocity
components measured, respectively, on August 15, 25
and 5, at di!erent daytimes were shown in Figs. 5}7. It
can be seen from these "gures that, irrespectively of the
daytime, the distributions of all the three velocity compo-
nents are better described by the Gram}Charlier series

expansion than by the Gaussian model. The percentages
of the data set for the month August 1998, that have
satis"ed the 90% con"dence interval criterion of the
Kolmogorov}Smirnov goodness-of-"t test, are tabulated
in Table 1. The results for the 60 min whole data set, as
well as those divided in 10 min sub-sections are listed. It
is seen from Table 1, the Gram}Charlier series expansion
"ts the data better.
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Fig. 6. Distribution of the lateral velocity component, v@. Data
measured on 25 August 1998 at 03:00 a.m. Only 10 min data
were used (03:31}03:40 a.m.).

Fig. 7. Distribution of the 10 min vertical velocity component,
w@. Data measured on 05 August 1998 at 20:00 (from 20:11 to
20:20).

Knowledge of the underlying statistical properties of
a data set can also be acquired by examining the values
of the skewness and kurtosis of the data set. De"ning the
mth central moments as:

k
m
"E(x!k@

1
)m, (11)

where k@
1

is the mean, the mth central moment of
a sample set is de"ned through:

m
m
"

+N
i/1

(x
i
!x6 )m

N
, (12)

where x6 is the mean of the data. The third and fourth
moments about the mean are, respectively, the skewness
and kurtosis. They can be estimated through (Hahn and
Shapiro, 1967):

Jb
1
"

m
3

3Jm
2

, (13)

b
2
"

m
4

m2
2

, (14)

when the underlying distribution is normal, one would

have Jb
1
+0 and b

2
+3. The averaged values of the

skewness and kurtosis of the wind speed data for the
month August 1998 are given in Table 2. It is clear from
Table 2 that all the three velocity components have
values for the kurtosis that are larger than the normal
distribution, i.e., they all are more peaked than the nor-
mal distribution. It is also seen that, on the average, the
two horizontal velocity components are skewed toward
left.

In studying and modelling of pollutant dispersion in
the atmosphere, it is important to know the relations
between the variances of the velocity components. In the
past, several empirical formulae have been proposed by
researchers to model these relations. A review concerning
the merits and demerits of the respective formulae was
given recently by Weber (1998). Among all these models,
Weber found that the isotropic Gaussian model (IGM)
was the most satisfactory one for his data set. The vari-
ances of the longitudinal and the lateral velocity compo-
nents are assumed to be equal in the IGM, i.e., p

v
+p

u
.

In Figs. 8 and 9 we show the scatter plots of, respectively,
the two paired components p

u
!p

v
, and p

u
!p

w
. Note

that these are the transformed values according to Eqs.
(8)}(10). However, as can be seen from Figs. 8 and 9, our
results, unlike those used by Weber, indicate that a rela-
tionship between these two horizontal components of the
form

p
v
+0.745p

u
#0.293 (15)

and the following relationship between the variances of
the vertical and the longitudinal velocity components,
p
w

and p
u
:

p
w
+0.425p

u
#0.004. (16)

Sockel (1984) pointed out that according to the study
of Counihan (1975), the following relationships should
hold for the variances of the velocity components:

p
v{(30)

+0.75p
u{(30)

(17)
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Table 1
Percentage of the records which satisfy the criterion of 90% con"dence interval of the Kolmogorov}Smirnov goodness-of-"t tests!

Components Sub-set u@ v@ w@

G}C Gaussian G}C Gaussian G}C Gaussian

0 42.20 5.05 39.67 4.31 46.06 2.53
1 60.80 11.87 55.04 11.13 67.80 23.89
2 58.87 12.97 55.74 9.84 69.30 26.23
3 58.06 12.54 57.31 10.90 72.09 25.67
4 60.84 13.75 56.80 9.72 71.00 25.56
5 57.73 11.68 58.53 10.63 71.26 24.55
6 58.50 14.13 58.65 11.73 72.78 25.41

!G}C represents Gram}Charlier series expansions. Case studied: 01}31 August 1998. The numbers of sub-sets have the following
meaning: 0: data of the whole hour (60 min); 1}6: data of each consecutive 10 min (1"0}10; 2"11}20 min etc.).

Table 2
Averaged values of kurtosis and skewness of the three velocity components for the month of August 1988!

Components nth
data set

u@ v@ w@

Kurtosis Skewness Kurtosis Skewness Kurtosis Skewness

0 3.33 !0.11 3.32 !0.17 4.39 0.09
1 3.35 !0.10 3.31 !0.12 3.99 0.04
2 3.33 !0.11 3.31 !0.14 3.94 0.04
3 3.31 !0.07 3.32 !0.09 3.99 0.06
4 3.32 !0.10 3.25 !0.13 3.98 0.05
5 3.37 !0.10 3.28 !0.10 3.97 0.02
6 3.34 !0.10 3.35 !0.10 3.99 0.05

!The numbers associated with data sets have the same meaning as Table 1.

Fig. 8. Scatter plot of the standard deviations of the longitudi-
nal and lateral velocity components. Data obtained for 01}31
August 1998.

Fig. 9. Comparison of the standard deviations of the longitudi-
nal and vertical velocity components. Data obtained for 01}31
August 1998.

J.Z. Yim et al. / Atmospheric Environment 34 (2000) 1583}1590 1589



and

p
w{(30)

+0.5p
u{(30)

, (18)

where u@
i(30)

are the velocity #uctuations measured at
30 m height. Remembering that the height of our an-
emometer is 26 m, it is seen that our results are compara-
ble with that of Counihan (1975).

5. Discussion and conclusion

A long-term study of the wind "eld characteristics in
Keelung, Taiwan was launched in the late May 1998. The
three #uctuating components of winds were collected
continuously with a relatively high sampling rate. In this
paper, we present the results of our analyses for wind
speed data measured in August 1998. Only the statistical
distributions of the three velocity components are dis-
cussed here. It was found that:

f The probability distributions of the three #uctuating
velocity components are to be better described by the
Gram}Charlier series expansions, than by the Gaus-
sian model. Adopting the terminology from water
wave theory, this fact has the meaning that the velocity
"elds are subjected to the e!ects of weakly nonlin-
earity. Due to enhanced crests and #atter troughs, the
probability of the surface #uctuations for nonlinear
surface waves is always skewed toward the right. How-
ever, our present results seem to indicate that the
probabilities for the three #uctuating velocity compo-
nents do not have any preferable direction for the
skewness. The overall values indicate that the majority
of the two horizontal velocity components are skewed
toward left.

f The standard deviations of the two #uctuating ho-
rizontal velocity components do not satisfy the iso-
tropic Gaussian model, in which they are assumed
to be equal. Our results indicate that, our p

v
s have

magnitudes that are approximately only 3
4

of their
longitudinal counterparts. The magnitude of the stan-
dard deviations of the vertical velocity component is
approximately half that of the longitudinal compo-
nent. These results are in agreement with those found
by Counihan in 1975.
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