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Abstract: Accurate information on wind gusts is of critical importance to various practical problems.
In this study, observational wind data from high-frequency response (i.e., at a sampling rate of 10 Hz),
ultrasonic anemometers instrumented at four different heights (i.e., 10 m, 40 m, 160 m, 320 m) on a
weather tower were collected. The observation site featured a typical suburban condition, with no
significant obstacles in the immediate proximity. The data were analyzed to identify a total of twelve
descriptors of wind gusts, and to find the parent distributions that estimate these parameters well via
regression analysis. The results show that the gust parameters in the context of gust magnitude and
amplitude with units are best fit by the Weibull model, while non-dimensional parameters in terms
of gust factor and peak factor are reasonably assessed by the log-logistic distribution. The uplift
time and gust nonsymmetric factor generally exhibit a lognormal distribution, while the Gamma
distribution can describe the gust length scale, uplift magnitude and passage time. It is also shown
that gust factors increase linearly along with turbulence intensity. Nevertheless, empirical linear
formulas given in previous studies tend to over-predict. For the vertical structure of gust descriptors,
it is found that the average wind speed, gust amplitude and gust length scale in 10 min monotonically
increase with height, whereas the function relationship of gust amplitude, peak factor, gust factor,
turbulence intensity, rise amplitude and falling amplitude tends to decrease with height.

Keywords: wind gust characterization; gust descriptor; probability distribution; gust parameterization;
vertical structure; atmospheric stability

1. Introduction

There is clear evidence that the winds within the atmospheric boundary layer are
distinctively turbulent and nonstationary, which, as a consequence, are likely to exhibit
random-like behaviour across many different timescales [1–4]. These time scales range
from long-term changes (decimal or interannual change) to very short ones (minutes or
seconds). The latter is generally considered as corresponding to small-scale turbulence.
For atmospheric winds, large fluctuations over small timescales are typically associated
with wind gusts.

Wind gusts are coherent features within a turbulent wind field [5], which commonly
refer to the sudden but short-lived increases in wind speed [6,7]. In the field of wind
engineering, the average wind speeds generally represent the average wind speed recorded
in 10 to 60 min, while the gust winds are usually measured in 2 to 3 s [8]. As summarized
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by Letson et al. [9], the driving forces responsible for generating wind gusts are multi-fold,
mainly including violent extratropical cyclones, orographic influence, topographic flow
interactions, and deep convection. Such a complex mechanism often leads to tremendous
spatiotemporal variability of wind gusts, with respect to their scales in time, frequency and
magnitude. On this account, wind gusts are considered as one of the most poorly observed
and understood atmospheric variables [10].

The importance of an accurate understanding of wind gusts has been constantly
highlighted in numerous studies. Wind gusts have been extensively used as the main
meteorological parameter in wind-induced damage evaluation [11–13]. Considering the
fact that wind power is proportional to the square of the wind speed, gusts usually cause
economic and security hazards to various human activities and the natural environment,
ranging from transportation and electricity power systems, to building structures and
weather forecasts [14,15]. Suomi and Vihma [16] underscored that the estimation of return
levels of wind gusts is practically important, not only for construction planning but also for
insurance companies. In the next day to a few weeks, full gust forecast provides valuable en-
lightenment for disaster preparedness planning and monitoring in different operation fields
(such as shipping, navigation, land transportation, aviation, forestry and energy) [17,18].

It is to be noted that previous studies have emphasized on gust assessment, including
quantitative description of gust factor and turbulence intensity (e.g., [19–21]), whereas
other characteristics of wind gusts, such as the time structure, length scales and spatial
coherence at high frequency, are rarely examined and discussed [22]. Note that different
wind gust properties may demonstrate a respective importance in different aspects of
practical applications. For example, wind gusts with a large magnitude that occur above
the cut-in speeds of wind turbine could cause high wind loads and blade fatigue through a
gust cutting effect [23], while the gust at the wake of the probability distribution (i.e., the
gust with larger amplitude) is closely related to the extreme loads and dynamic responses
of the structures [24]. On the other hand, there has been strong evidence that the most
destructive gusts are those that appear on the scale of engulfing the whole structure or gusts
whose length scales is smaller than that of the structure but similar in scales [25,26]. Hence,
the International Electrotechnical Commission [27] suggested that, in order to better design
wind turbines, the scale of dominant turbulence and gust should be considered. In addition,
for the determination of ultimate and fatigue loads of wind turbines, the time evolution of
gusts is usually described using the typical Mexican-hat shape model [27,28], whereas the
real-world observations reveal remarkable deviation from such a pre-specified form [29].

Given the above discussion, it is clear that wind gust plays an essential role across
various practical applications. However, detailed and comprehensive discussion of wind
gust characteristics, such as time structure and length scales, is not yet available. This
study aims to examine the high-resolution wind measurement data recorded at a 365 m
meteorological tower with a view to provide detailed and comprehensive characterization
of wind gusts. Underpinning this aim are the three major objectives:

(1) to determine the probability distribution model that best describes different measures
of gusts.

(2) to estimate parameterizations used to represent the dependence of gust factor and
peak factor on average wind speed and turbulent intensity.

(3) to study the dependence of different gust descriptors on observation altitude and
atmospheric stability.

The remaining contents in this paper are structured as follows: Section 2 gives an
introduction on data collection and processing and describes, in detail, the definition
of various gust descriptors involved in this study. The main results are presented in
Section 3, with relevant discussion from the observational analysis; the main conclusions
are summarized in Section 4.
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2. Materials and Methodology
2.1. Site Description

The Shenzhen Meteorological Gradient Tower (SZMGT)at Tiegang Reservoir, Shen-
zhen, China (22◦38′59” N, 113◦53′36” E) is the source of the data in the present paper. The
distance from the observation tower to the nearest shoreline was approximately 10 km and
to the built-up area was about 1 km [30]. The SZMGT is an open lattice structure design
with a total height of 365 m, and a cross-section of 2.5 m width [31–33]. This is the tallest
observation tower in China, and the second tallest lattice observation tower worldwide.
The terrain conditions around the SZMGT are illustrated in Figure 1, which generally
features a suburban condition. To the north and east of SZMGT, the terrain is relatively
flat, with 3-m-high broad-leaved evergreen plants, lakes and roads within a radius of 1 km,
while the adjacent terrain in the south and west of SZMGT is quite uniform, with forests
and lakes within a radius of 5 km as the main terrain [33].
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Figure 1. The meteorological gradient tower used in the current study. (a) topographic map,
(b) satellite map, (c) land cover map, (d) photos of terrain exposures, (e) installation heights of
measurement devices.

2.2. Data Collection

Turbulence observations were made with four fast response 3D sonic anemome-
ters (CSAT3, manufactured by Campbell Scientific) installed at 10 m, 40 m, 160 m and
320 m above the ground, respectively (see Table 1). These CSAT3 anemometers were pre-
configured to measure three orthogonal wind components and virtual temperature at a
sampling rate of 10 Hz. To minimize the airflow distortion caused by the physical structure
of the meteorological tower, these sonic anemometers were installed on the beam 3.8 m
north of the mast. Wind data included in this study were mainly recorded during several
strong monsoon wind events, as shown in Table 2.
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Table 1. Information of the observation data.

Instrument Height (m) Observation Element Output Frequency

3D (Three
dimensional) sonic

anemometer (CSAT3)

10, 40, 160, 320 above
the level of ground

Three orthogonal wind
components (ux, uy, uz),

sonic virtual
temperature (Ts)

10 Hz

Table 2. Outline of the observation period involved in the current study.

Year Start End

2018 15 September 00:00 17 September 23:59
2018 8 January 20:00 8 January 23:59
2018 9 January 00:00 9 January 11:00
2018 8 March 00:00 8 March 11:00
2018 7 April 00:00 7 April 09:00
2019 4 March 20:00 4 March 23:59
2019 5 March 00:00 5 March 04:00
2019 22 September 06:00 22 September 11:00
2019 7 October 00:00 7 October 08:00
2020 16 February 00:00 16 February 17:00

2.3. Data Quality Control

Prior to the characterization of the gustiness in tower-based wind observations, it is
imperative to examine the quality of the data to gain a more accurate understanding of
gust characteristics. As shown in Table 1, the CSAT3 sonic anemometers used in this study
measured three orthogonal wind components (i.e., ux—along the west and east, pointing
to the west positively; uy—along north and south, the positive direction points south,
uz—vertical windward component); the sampling rate was 10 Hz. It should be noted that
the original high-frequency observation data obtained by quick-response anemometer may
sometimes be caused by various instrument problems or environmental factors (e.g., water
contamination, rain drop, etc.) [34], leading to the occurrence of unexpected spikes in the
time series. Hence, for each 10-min period in this study, five standard deviation filters were
used to de-peak the three wind components [35]. All the spikes in the original time series
were removed and refilled with an exponential filtering function [36]. The proportion of
spikes in the raw high-frequency data was less than 5%.

After de-spiking, the three wind components perform further coordinate rotation
every 10 min to generate 10 Hz estimates of longitudinal wind speed, u, transverse wind
speed, v, and vertical wind speed, w, and average 10 for wind speed and horizontal
direction [37]. The average ratio of the 3-s moving average of u, v, w to the total wind vector

(i.e.,
√

u2
t,T + v2

t,T + w2
t,T) at the peak of gust is 0.98, 0.08 and 0.05. Therefore, all the studies

of gust descriptors (as described in Section 3) were based on the 10-Hz time series of u [5],
unless otherwise stated. In this study, a wind gust was defined as the maximum 3-s wind
speed during each 10-min period.

2.4. Definition of Wind Gust Descriptors

As mentioned above, the main objective of this study was to examine and discuss the
gust characteristics through various gust descriptors. In light of the studies by Hu et al. [5],
the major gust descriptors involved in the study are summarized as follows:

Gust peak magnitude umax
t,T denotes the maximum 3 s moving average longitudinal

wind speed u every 10-min period [8].
The amplitude of gust ua

t,T represents the difference between the peak 3-s moving
average gust speed and the 10-min average wind velocity UT (see Figure 2):

ua
t,T = umax

t,T −UT (1)
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The gust coefficient Gt,T is the ratio of the maximum value of peak gust umax
t,T to the

average wind speed in 10 min:
Gt,T = umax

t,T /UT (2)

Likewise, the peak coefficient kt,T is the ratio of the gust amplitude ua
t,T to the standard

deviation σT of the wind speed in 10 min:

kt,T = ua
t,T/σT (3)

Turbulence intensity TI is the standard deviation of the 10 Hz longitudinal wind
speeds, which is normalized by the 10 min average wind speed:

TI = σT/UT (4)

In addition to the aforementioned gust descriptors, the discrete gust events’ evolution
in a time series can also be represented by four additional parameters, namely, the rise
time tr, the lapse time tl , the rise magnitude ur, the lapse magnitude ul [5]. The rise time
represents the time from the starting valley (i.e., the local minimum 3-s moving average
immediately following below UT) to the gust peak; the lapse time represents the time from
the peak to trough (i.e., the next minimum value below UT in the moving average of 3-s).
The increase was defined as the wind speed difference from the initial valley to the peak,
whereas the drop was defined as the wind speed difference from the peak to the end valley
(see Figure 2). Based on these four parameters, a gust asymmetrical factor (GAF) can be
determined as:

GAF =
ur/tr

ul/tl
(5)



Appl. Sci. 2022, 12, 2105 6 of 13

Moreover, the gust length scale Lg is an estimate of the physical degree of a wind gust,
which is described as the integral of the 3-s moving average of longitudinal wind speed
throughout the gust:

Lg =
∫ tend

tstart
u3sdt (6)

where tstart and tend are the time of the start-valley and end-valley of the gust event,
respectively. It is worth mentioning that the entire gust period is defined using the times
of start-valley and end-valley, rather than the crossing times of UT and u3s, which ensures
that the whole process of flow acceleration and deceleration is fully encapsulated [5].

For the classification of atmospheric stability, the Monin–Obukhov length [38] (L) is
often used as a handy indicator, which can be calculated as follows:

L =
−u3
∗

k
( g

θ

)
w′θ′

(7)

where k is the von Karman constant (usually taken as 0.4), g is the gravitational acceleration
(taken as 9.81 m/s2), θ is the virtual potential temperature, u3

∗ is the cube of the friction
velocity, w′ and θ′ represent the vertical wind velocity fluctuation component and the
virtual potential temperature, respectively. In the present study, θ is approximated by sonic
virtual temperature [39]; friction velocity u∗ can be determined as in [40].

u∗ = 4

√(
(u′w′

2
+ v′w′

2
)

(8)

As shown in Table 3, the atmospheric stability condition of each 10-min wind speed
segment is classified according to the classification scheme used by Barthelmie [41].

Table 3. Classification of atmospheric stability condition [41].

Stability Class Range of Monin–Obukhov Length (m)

Unstable (u) −1000 < L < −200
Very unstable (vu) −200 < L < 0

Very stable (vs) 0 < L < 200
Stable (s) 200 < L < 1000

Neutral (n) |L| > 1000

3. Results and Discussion
3.1. Distribution Fitting of Gust Description

It is to be noted that, although there exist many previous studies that have fitted
various probability distributions to the average wind speed and gust amplitude, e.g.,
Weibull distribution [42–45] and Rayleigh distribution [46], few among them try to address
which distribution form is most satisfactory. More importantly, the parent probability
distribution that is closest to other gust characteristics distributions is seldom explored.
Hence, four two-parameter distribution forms of positive-values (see Equations (9)–(12))
were employed in this study to fit the 12 gust descriptors by using maximum likelihood
estimation (MLE). These distribution forms were selected mainly because all of the gust
descriptive statistics were zero- bounded [5]. The data used herein were obtained at the
observation level of 40 m high. The log-likelihood (LogL) value was adopted as an index
to evaluate the performance of various distributions; the candidate distribution with the
largest LogL value is considered to be the best fit [47]. Essentially, a likelihood method is a
measure to describe how well a particular model fits the data. In statistics, the maximum
likelihood estimation (MLE) is commonly used for estimating the parameters of an assumed
probability distribution, given some observed data. When maximizing a likelihood function
under the assumed statistical model, the observed data is most probable. Given that the
logic of MLE is both intuitive and flexible, it has become a dominant means of statistical
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inference. Particularly, log-likelihood (LogL) is used mainly because it is computationally
simpler and easier to optimize.

Weibull : f (x| a, b) = b
a (

x
a )

b−1 exp [−( x
a )

b] (9)

Gamma : f (x| a, b) = 1
baΓ (a) xa−1 exp (− x

b ) (10)

Lognormal : f (x| a, b) = 1
xb
√

2π
exp [−(ln (x)−a)2

2b ] (11)

Log-logistic : f (x| a, b) = exp [ ln (x)−a
b ]

bx {1+exp [ ln (x−a)
b ]}

2 (12)

Figure 3 and Table 4 summarize the distribution fitting of 12 gust descriptors con-
sidered in this study. The median gust magnitude and gust amplitude were, respectively,
8.49 m/s and 2.92 m/s. The results show that the Weibull distribution was the most suitable
for the 10-min average wind speed, gust level and gust amplitude (Figure 3a–c), while
the distribution of gust factor, peak factor and turbulence intensity (Figure 3d–f) could
be most satisfactorily expressed as a logarithmic logic distribution. Although the Weibull
distribution function is often used to fit the average wind speed and gust wind speed,
Figure 3 clearly demonstrates that it is not appropriate for unitless parameters, such as gust
factor, peak factor and turbulent intensity. The median values of rising time and elapsed
time were estimated to be 19.8 s and 28.4 s, respectively; their distributions conformed
most closely to the lognormal distribution and the gamma distribution, albeit with minor
difference in the LogL values. As can be seen from Figure 3g,h, the distribution peak of
rising time was more pronounced and skewed to the right than that of lapsing time. Hence,
the consequent distribution of the gust asymmetric factor (Figure 3l) was also right-skewed,
which can be most desirably described by the lognormal distribution. The median value
of GAF was about 1.46. In the current study, the gust length scale ranged from 35.1 m to
1679.9 m, with a median value of 331.8 m. The distribution of the gust length scale was best
fit by the gamma distribution, which is different from the conclusion by Hu et al. (2018), in
which the log-normal distribution was shown to be the best-fitting for gust length scale.
Moreover, the median rise and lapse magnitudes are 3.39 m/s and 3.25 m/s; their respective
distributions follow the gamma distribution and Weibull distribution (Figure 3i,j) well.

3.2. Gust Parameterizations

Besides the distribution fitting of gust descriptors, the parameterization of gusts is
also of essential importance, particularly for numerical weather prediction (NWP) models,
mainly because they do not explicitly address the gust [24]. A series of wind gust param-
eterization has been developed and applied to post-processing the output of the NWP
model (e.g., [48]); conditional parameterizations based on observational data were also
presented in many existing studies (e.g., [49]).

Figure 4 is the scatter diagram of the relationship between gust factor and 10-min
average wind speed and turbulent intensity at three different heights (i.e., 10 m, 40 m
and 320 m) based on observational data. In general, the gust factor values are negatively
correlated with average wind speed; such a relationship may change slightly as a function
of height. The slope coefficient of linear fits ranged from −0.043 to −0.021. Note that the
dependence of gust factor on average wind speed derived in this study appears to be more
pronounced than that obtained by Hu et al. [5], in which the fitted slope coefficient was
about 0.0001. On the other hand, a strong positive correlation between the gust factor
and the turbulence intensity can be seen in Figure 4. The slope coefficient from linear
regression fits varied between 1.03 and 1.69; the intercept varied between about 1.11 and
1.39. In comparison with prior studies, the results showed that the results in this study
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indicate a good agreement with that presented by Hu et al. [5], whereas the regression fits
by Choi [49], Deaves and Harris [50] tended to over-predict the gust factor.
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Figure 3. Probability density histogram and distribution fitting of observed data. The four types
of two-parameter positive-valued distribution used in distribution fitting are Weibull, Gamma,
Lognormal and Log-logistic. For each gust parameter, the optimal distribution (bolded) was identified
according to the maximum Log-likelihood (LogL), as shown in Table 4. (a) 10-min average wind speed,
(b) gust amplitude, (c) gust amplitude, (d) gust coefficient, (e) peak coefficient, (f) turbulent intensity,
(g) rising time, (h) elapsed time, (i) rising amplitude, (j) elapsed amplitude, (k) gust asymmetry
coefficient and (l) gust length scale.
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Table 4. Summary of log-likelihood (LogL) estimation.

Mean Speed Gust Amplitude Gust Amplitude Gust Factor Peak Factor TI

Weibull −846.3 −1008.7 −612.2 128.8 −199.8 615.9
Gamma −870.1 −1028.5 −617.6 202.4 −174.8 641.9

Log-Normal −901.2 −1050.6 −637.2 206.7 −176.7 632.4
Log-Logistic −875.2 −1037.9 −626.0 215.2 −174.4 659.5

Rise Time Lapse Time Rise Magnitude Lapse Magnitude GAF Lg

Weibull −1752.3 −1905.1 −733.3 −689.9 −767.8 −2930.8
Gamma −1743.8 −1896.7 −730.3 −690.4 −761.7 −2927.8

Log-Normal −1739.7 −1899.7 −744.8 −707.6 −742.7 −2940.6
Log-Logistic −1752.4 −1905.6 −738.3 −697.7 −749.0 −2944.7
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Figure 4. Scatter diagram: (a) gust factor vs. 10-min average wind speed; (b) gust factor vs. turbulence
intensity. In (b), the empirical results from Shu et al. (2015), Choi (1984), Hu et al. (2018) and Deaves
and Harris (1978) are also depicted for comparison.

Similarly, Figure 5 illustrates the respective relationship between peak factor and mean
wind speed, as well as turbulent intensity. Hu et al. [5] reported that the peak factor failed
to exhibit a significant linear dependence on either mean wind speed or turbulent intensity.
As shown in Figure 5a, the dependence of peak factor on the average wind speed was,
indeed, weak, with a slope coefficient ranging from −0.05 to 0.05. The subsequent intercept
was between 2.27 and 2.44, which is close to the constant peak factor (~2.2) obtained by
Bardal and Sætran [48]. Meanwhile, the peak factor obtained at different heights exhibited
a consistent negative dependence on turbulent intensity. The slope coefficient was about
−0.68 to −2.29; the intercepts ranged from 2.25 to 2.87.
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turbulence intensity.

3.3. Vertical Profiles of Gust Descriptors

Furthermore, in order to examine the dependence of various gust descriptors on
observation height, the entire data were conditionally grouped according to the estimated
Monin–Obukhov length for each 10-min period; subsequently the data within each group
were analysed in a composite sense. Figure 6 depicts the vertical extent of the median
value of the gust descriptors, which appeared to reveal a certain degree of dissimilarity. For
example, it was found that the 10-min average wind speed and gust amplitude increased
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monotonously with height. It should also be noted that the average wind speed and gust
magnitude corresponding to very stable conditions tended to be somewhat smaller in
magnitude than those in other atmospheric stability conditions, especially at lower levels.
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Figure 6. Vertical profiles of gust descriptors as a function of atmospheric stability condition.
(a) 10-min average wind speed, (b) gust amplitude, (c) gust amplitude, (d) gust coefficient, (e) peak
coefficient, (f) turbulent intensity, (g) rising time, (h) elapsed time, (i) rising amplitude, (j) elapsed
amplitude, (k) gust asymmetry amplitude and (l) gust length scale.

The vertical profiles associated with gust amplitude, rise magnitude and lapse mag-
nitude are more or less consistent, where the magnitude under very stable conditions
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remains relatively constant or decreases modestly as the observation height increase. By
contrast, the profiles under the remaining atmospheric stability conditions exhibited a
moderate downward trend with increasing height. For gust factor and turbulence intensity,
the magnitudes generally decrease in parallel with the increase in height; the deviation of
profiles corresponding to different stability conditions was found to be minor. The peak
factor also decreases with increasing height, and the rate of such a decrease is closely tied
with stability condition. It was clearly shown that the peak factor under stable and neutral
conditions decreased more slowly than those in other conditions. On the other hand, the
definition of vertical structure of rising time, elapsed time and gust asymmetry factor was
less clear. As for the gust length scale, the vertical profile was similar to those of mean
wind speed and gust magnitude, which typically indicates a positive dependence on height.
Moreover, under very stable and stable conditions, the amplitude of the gust length scale is
smaller than that under other stable conditions.

4. Concluding Remarks

Enhanced understanding of wind gust characteristics is critically important for a wide
variety of practical applications. In the current study, a comprehensive assessment of the
descriptors of wind gust was carried out based on high-resolution wind data from four
heights of the meteorological tower. Conclusions are summarized as follows:

• The probability distribution that most accurately represented the 12 wind gust de-
scriptors was somewhat different. Specifically, the Weibull distribution was the most
appropriate for those parameters, with length per time for units, such as 10-min aver-
age wind speed, gust magnitude, gust amplitude and elapsed amplitude. The unitless
parameters, e.g., gust factor, peak factor and turbulence intensity, were best fitted by
log-logistic distribution. The rising time and gust asymmetry factor exhibited lognor-
mal distribution, while the Gamma distribution adequately described the distribution
of gust length scale, rising amplitude and elapsed time.

• The respective dependence of gust factor and peak factor on average wind speed
and turbulent intensity was strongly tied with height. Note that gust factors were
displayed as a linear function of turbulence intensity. Nevertheless, the empirical
linear formulas given in previous studies have tended to over-predict.

• The vertical extent of gust descriptors appeared to exhibit different profile shapes. In
general, the 10-min average wind speed, gust amplitude and gust length scale are
found to increase monotonically with height, whereas the gust amplitude, peak factor,
gust factor, turbulence intensity, rising amplitude and elapsed amplitude tended to
decrease as a function of height. For several gust descriptors, e.g., 10-min average
wind speed and gust length scale, the magnitude of the vertical profile may vary with
atmospheric stability condition.
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