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ABSTRACT

This paper introduces an approach designed to address an inadequacy of Taylor’s frozen hypothesis in determining the scaling exponent of
structure functions for nonstationary wind speeds. The key step of this approach is to substitute the time-varying mean (TVM) components
�U ðtÞ for the constant mean �U in the calculation of structure functions of nonstationary wind speed fields. In this approach, TVM compo-
nents of nonstationary wind speeds were first determined based on the advanced wavelet transform and empirical mode decomposition.
Subsequently, a comprehensive comparison was conducted for the calculation of scaling exponents of nonstationary wind speed records mea-
sured during Typhoon and Downburst events, utilizing different approaches. Our analysis results reveal that various models, including the
K41 model [A. N. Kolmogorov, “The local structure of turbulence in incompressible viscous fluid for very large Reynolds’ numbers,” Proc.
USSR Acad. Sci. 30, 301–305 (1941), available at https://scispace.com/papers/the-local-structure-of-turbulence-in-incompressible-viscous-
25te3acxv9], K62 model [A. Kolmogorov, “A refinement of previous hypotheses concerning the local structure of turbulence in a viscous
incompressible fluid at high Reynolds number,” J. Fluid Mech. 13(1), 82–85 (1962)], b model [Frisch et al., “A simple dynamical model of
intermittent fully developed turbulence,” J. Fluid Mech. 87(4), 719–736 (1978)], and SL model [She and Leveque, Universal scaling laws in
fully developed turbulence,” Phys. Rev. Lett. 72(3), 336–339 (1994)], have their own respective strengths and limitations in describing the
relationship between the scaling exponent np and the order p. Significant differences in scaling exponents were observed between the original
and new versions of Taylor’s hypothesis, particularly at higher orders of p or for wind speed with strong nonstationarity such as the down-
burst. It is suggested that the Taylor’s frozen hypothesis needs to be adjusted when computing the scaling exponents np of nonstationary
wind speed fields in future studies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256119

I. INTRODUCTION

Turbulence is a common phenomenon where the velocity fluctu-
ates significantly with a hierarchical process in which energy transfers
from large to small scales (Frisch and Kolmogorov, 1995). A way to

investigate the statistical behavior of turbulence is often achieved via
the p th-order structure function that provides basic knowledge for the
analysis of the scaling properties of fully developed turbulence (Harris
et al., 1977). A key piece of information on the small-scale motion in
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turbulence lies in the p th-order structure function that is defined as
the successive moment of longitudinal velocity difference dur
¼ u x þ rð Þ � uðxÞ over a spatial separation distance, r, of two points
x þ r and x, given by

Sp rð Þ ¼ durj jp� �
; (1)

where the angular bracket � � �h i stands for the ensemble average, p
denotes the order of moment and r is parallel to u. Different from the
longitudinal situation, the lateral structure function was calculated as
follows:

Swp rð Þ ¼ dwrj jp� �
; (2)

where w denotes the lateral wind speeds (dwr ¼ w x þ rð Þ � w xð Þ). In
this case, r is perpendicular to w.

Typically, there are two characteristic scales of interest in turbu-

lence analysis: the dissipation scale g ¼ �3

eh i
� �1

4
and the integral scale

L ¼ Ð qsds, where �, eh i, and qs are, respectively, the kinematic vis-
cosity, mean energy dissipation rate, and autocorrelation coefficient
(Ali et al., 2016). The parameter g characterizes the smallest scales of
fluctuations. The integral scale L can be regarded as the size of the larg-
est eddies in the turbulent flow (Ruiz-Chavarria et al., 2000). When
the separation distance r is smaller than g, the velocity field is regular.
When g < r < L, this range is referred to as the inertial range and is
of significant interest in the study of turbulent flow.

For homogenous and isotropic turbulent flows, Kolmogorov
(1941) (hereafter K41) introduced a universal theory stating that the
mean energy dissipation rate, eh i, is scale invariant. As a result, the cor-
responding structure function Sp rð Þ was formulated as

Sp rð Þ � eh ip3rp3: (3)

However, experimental results of high-order statistics, shown in
Meneveau and Sreenivasan (1991), reveal notable discrepancies with
K41 when considering intermittency. This finding suggests that the
scaling exponent exhibits nonlinear behavior with respect to p, rather
than remaining linear. In response to this discrepancy, Kolmogorov
(1962) (K62) modified the K41 theory by assuming a lognormal distri-
bution for scale dependence within the dissipation range, and got

Sp rð Þ � rnp : (4)

Here, np is the scaling exponent. The possible existence of a universal
scaling exponent np has been one of the most exciting aspects of turbu-
lence research. Over time, several widely accepted expressions have
been proposed to present the relationship between np and the order p.
One such expression is the above K62 model, described as

np ¼
p
3
þ 1
18

lp 3� pð Þ; (5)

where l denotes the intermittency exponent quantifying the intermit-
tency of energy dissipation in turbulent flows. This parameter can be
determined as l ¼ 2� n6, as reported by B€ottcher et al. (2007). The
lognormal model predicts a maximum of the exponent np at
p ¼ 1

2 ð6=lþ 3Þ. The currently accepted value of l is l � 0:2, in
which case the maximum of p would reach 16 (Water and Herweijer,
1999). Thus, the maximum order of structure functions in this paper is

set as 16. A detailed description of the K62 model can be found in
Galtier (2016). Additionally, Frisch et al. (1978) introduced the b
model, also known as the fractal model. This model is based on the
concept of a fractal cascade, and focuses on the transmission of nonlin-
earity in the inertial subrange to calculate the scaling exponent, as
follows:

np ¼
p
3
þ 1
3
l 3� pð Þ: (6)

She and Leveque (1994) developed a model (abbreviated as the SL
model) to estimate the scaling exponent by considering its dependence
on the hierarchical structure of energy dissipation, given by

np ¼
p
9
þ 2 1� 2

3

� �p=3
 !

: (7)

These models contribute to our understanding of turbulent scaling
behavior and provide valuable tools for turbulence research.

The scaling properties of wind turbulence have been investigated
for different types of flows such as atmospheric boundary layer flow
(Vindel et al., 2008), wake flow around a cylinder (Gaudin et al.,
1998), and direct numerical simulation homogenous flow (Vincent
and Meneguzzi, 1991). The computation of structure function Sp rð Þ in
most of these studies can be classified into two categories. One is the
direct measurement of spatial velocity increments using the particle
image velocimetry (PIV) method (Saw et al., 2016, 2018), where the
velocity field can be built across the quasi-two-dimensional laser sheet
by employing peak correlation over small interrogation windows.
Another involves the one-point velocity measurements based on a pro-
peller anemometer or ultrasonic anemometer. It can be used to com-
pute the structure function only via Taylor’s frozen flow hypothesis,
r ¼ �U � Dt (Taylor, 1938), where �U is the mean velocity at the speci-
fied location. In such a situation, Sp rð Þ � rnp can be accurately con-
verted to

Sp Dtð Þ ¼ u t þ Dtð Þ � u tð Þ
�� ��pD E

� Dtnp ; (8)

if the velocity of the turbulent flow is stationary (i.e., its mean is con-
stant rather than time-variant). Accordingly, an accurate determina-
tion of the scaling exponent of wind can be achieved solely through
single-point measurement uðtÞ. Most of the experimental reports
employing the second method were from turbulent flows with an open
geometry (e.g., turbulence downstream of grids, jets, and the atmo-
spheric boundary layer) where there exists a strong flow. A summary
of these results can be found in the work of Arneodo et al. (1996). It
is worth noting that the common practice is to keep the turbulence
intensity I ¼ r=�U small, preferably below 10% (r denoting the
standard deviation of the velocity) (Saw et al., 2018). Whereas, recent
research has shown that wind speed fields in extreme wind conditions,
such as tropical cyclones, thunderstorms, downbursts, and strong
winds, exhibit significant nonstationary characteristics (Gurley and
Kareem, 1997; Wood et al., 2001; Jung and Masters, 2013; and Solari
et al., 2015). As a result, the overall wind speed series in these cases
needs to be considered as the combination of the fluctuating compo-
nent and the time-varying mean (TVM) component rather than a con-
stant mean �U . Furthermore, Cai et al. (2022) reported that the
turbulence intensity of nonstationary wind speeds measured during
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Typhoon Mangkhut landing was far more than 10%, regardless of the
adoption of a stationary wind model (i.e., constant mean) or a nonsta-
tionary wind model (i.e., TVM). Consequently, this raises questions
regarding the applicability of Taylor’s frozen hypothesis in the context
of nonstationary wind fields.

To address this issue, the primary objective of this study is to
adjust Taylor’s frozen hypothesis and then study the scaling properties
of nonstationary winds such as typhoon and downburst events. The
paper is organized as follows: Sec. II A presents two advanced extrac-
tion methods for the TVM of nonstationary wind speeds. In Sec. II B, a
new version of Taylor’s frozen hypothesis is proposed based on the
nonstationary wind model. Section II C introduces a commonly
adopted extended self-similarity method (ESS) (Benzi et al., 1993) for
studying the scaling properties of wind speeds. A comprehensive com-
parison is conducted on scaling exponents using different approaches
for nonstationary typhoon and downburst wind speeds in Secs. III and
IV, respectively. Finally, some concluding remarks are given in Sec. V.

II. METHODOLOGY
A. Extraction of the time-varying mean

The TVM of the nonstationary wind speed may be extracted by
the advanced wavelet transform (WT) method developed by Cai et al.
(2022). Accordingly, the measured wind speed u tð Þ is decomposed as

u tð Þ ¼
XM
j¼1

Dj tð Þ þ AM tð Þ; (9)

where M is the total number of decomposition levels, Dj tð Þ denotes
the detail function of the wavelet transform at decomposition level j,
and AM tð Þ is the approximation function. Some TVMs of u tð Þ could
be presented as the sum of the approximation component AM tð Þ and
S (non-negative integer) detail parts Dj tð Þ,

�U tð ÞS ¼
AM tð Þ; S ¼ 0;XM
j¼Mþ1�s

Dj tð Þ þ AM tð Þ; 1 � S � M � 1:

8>><
>>: (10)

Notably, Cai et al. (2021a, 2021b) presented the definition of an opti-
mal TVM from the structural wind engineering perspective (i.e., opti-
mal TVM is the one that can reflect the time-varying trend of the wind
speed data, but not cause an obvious dynamic response of structures),
and developed, accordingly, two restrictive conditions to identify and
extract the optimal TVM. It is suggested that the optimal TVM of a
10-min time history of wind speeds should meet both of the following
conditions: (1) the probability density function of fluctuating wind
component needs to agree with the modified Gaussian function rather
than the traditional Gaussian distribution (Condition I); and (2) the
number of local maxima of the obtained optimal TVM within a 10-
min time interval is less than six (Condition II). Condition I imposes
relatively lenient constraints on the probability density function of
fluctuating components when compared to the assumptions of
Gaussian distribution. Cai et al. (2022) have shown that Condition I is
consistently satisfied when the associated TVM is derived using the
aforementioned WT method, leaving only Condition II to be fulfilled.
Condition II is established from a wind engineering perspective, con-
sidering the TVM as a static load on structures. Assuming that the
upper-frequency limit wf of the TVM derived from nonstationary

wind speed record is below 0.01Hz, the dynamic magnification factor,

D, approaches unity, as D ¼ 1� b2
	 
2 þ 2ebð Þ2
h i�1=2

� 1:0101 as

indicated by Cai et al. (2021a, 2021b). Here, e represents the damping
ratio of the structure, and b is the ratio of the applied loading fre-
quency wf ðHzÞ to the natural frequency w Hzð Þ of the structure.
Given the frequency limit of wf ¼ 1

T � 0:01Hz, it can be deduced that
the period of the calculated TVM T is at least 100 seconds.
Consequently, the associated TVM can be expected to encompass
approximately six cycles for a fixed time duration of 10min.
Therefore, the number of local maxima in the calculated TVM should
not exceed six. With this restriction, the optimal TVM is the one in
Eq. (10), which has the largest number of local maxima, but no more
than 6 with a time interval of 10min. Subsequently, the relative fluctu-
ating component u0 tð Þ is given by

u0 tð Þ ¼
XM�s

i¼1

Di tð Þ: (11)

Considering that the type of initial mother wavelet has an insignificant
effect on the candidate TVMs, and that the Debauchies wavelet with a
higher vanishing moment could provide a better reconstruction quality
(Cai et al., 2022), the classical Daubechies wavelet of order 12 has been
selected as the initial mother wavelet for this study, with the total num-
ber of decomposition levels M ¼ 12, in accordance with the recom-
mendations of Cai et al. (2022).

For further comparison, the empirical mode decomposition
(EMD) will be also employed to extract the TVM. Accordingly, origi-
nal time histories may be expressed as the sum of several intrinsic
mode functions Cj tð Þ and the final residue RN tð Þ,

u tð Þ ¼
XN
j¼1

Cj tð Þ þ RN tð Þ: (12)

The superposition of the residue RN tð Þ and the last Cj tð Þ can be
regarded as the TVM from the recorded wind speed time history. The
detailed process can be found in Xu and Chen (2004) and Chen et al.
(2007).

B. Taylor’s frozen hypothesis

Based on the previous discussion, it becomes apparent that
Taylor’s frozen hypothesis is inapplicable for determining scaling
properties of nonstationary wind fields. As a result, it is necessary to
refine this hypothesis to obtain a more convincing estimate.

According to traditional Taylor’s frozen hypothesis, it assumes
that the mean wind speed �U remains constant and the spatial distance
is determined by the relationship r ¼ �U � Dt. Using this relationship,
the structure function Sp rð Þ at a given spatial distance r can be readily
calculated by Eq. (13), which is based on the one-point velocity mea-
surements u tð Þ represented by the blue dots in Fig. 1,

Sp rð Þ ¼ 1
k

Xk
i¼1

u xi þ rð Þ � u xið Þ
�� ��p� �

¼ 1
k

Xk
i¼1

u ti þ Dtið Þ � u tið Þ
�� ��p� �

: (13)
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It is evident that the time gap Dt is constant at different instant times ti
for the same spatial distance r, meaning that Dti ¼ Dtiþ1 as illustrated
in the upper part of Fig. 1.

The key step of the new approach is to substitute the TVM �U ðtÞ
for the constant mean �U in Taylor’s frozen hypothesis. The spatial dis-
tance rm is then modified as

rm ¼
ðtiþDti;m

ti

�U tð Þdt: (14)

Considering that �U tð Þ is always greater than zero, it follows that the

integral
Ð tiþDti;m
ti

�U tð Þdt increases as Dti;m increases. This implies that a

unique Dti;m can be found such that rm � Ð tiþDti;m
ti

�U tð Þdt ¼ 0 at each
instant time ti for the given rm. Once the distance sequence
rm ðm ¼ 1; 2;…; nÞ� �

to be analyzed is determined, the time interval
Dti;m for every rm can be obtained by utilizing Eq. (14) at each instant
time ti. Then, the expression Sp rð Þ � rnp in Eq. (4) could be replaced
by

Sp rmð Þ � rm
np ; (15)

where Sp rmð Þ ¼ u x þ rmð Þ � u xð Þ�� ��pD E
¼ u ti þ Dti;mð Þ � u tið Þ�� ��pD E

.

Subsequently, the scaling exponent np could be obtained by the linear
fitting between the values of log2ðrmÞ and log2ðSp rmð ÞÞ. It should be
noted that the time gap Dti;m is not fixed for a given rm, but varies with
the position x or time t, as �U ðtÞ is time-variant. That is to say that the
time gap Dti;m at time ti is not necessarily equal to Dtiþ1;m at time tiþ1

for the same distance rm, as shown in the bottom part of Fig. 1. The
detailed process for estimating the scaling exponent of the structure
function is summarized in Fig. 2. Furthermore, it is worth noting that
if �U ðtÞ in Eq. (14) takes the constant mean of wind speeds, the new
method discussed in this section becomes equivalent to the original
Taylor’s frozen hypothesis, meaning that this approach can be applied
to calculate scaling exponents of stationary wind speeds as well. As a
result, the Taylor’s frozen hypothesis can be regarded as a special case
of the new technique.

C. Extended self-similarity method

It is worth noting that a low Reynolds number is associated with
a short inertial subrange, making the scaling behavior either difficult to
distinguish or nonexistent (Ali et al., 2016). To overcome this obstacle,
Benzi et al. (1993) found that the scaling properties could be expanded
up to the dissipative range and developed the extended self-similarity
(ESS) method to yield the scaling exponent. The idea of this technique
is to represent the quantity Sp rð Þ as a function of the third-order struc-
ture function S3 rð Þ rather than the spatial separation distance r, as
follows:

Sp rð Þ � S3 rð Þð Þnp : (16)

The scaling exponents np are the slope of the fitted line after plotting
log2ðSp rð ÞÞ against log2ðS3 rð ÞÞ. The significant point about the ESS
method is that this relation is applied to not only fully developed tur-
bulence but also low-to-moderate turbulence where Sp rð Þ � rnp is not
applicable (Briscolini et al., 1994). Furthermore, the relation expressed
in Eq. (16) presents a much wider range of scales than Eq. (4).
Notably, the ESS method has been successfully applied to low- and
high- Reynolds number flows found in Babiano et al. (1997), as well as
the homogeneous and non-homogeneous flows reported by Arneodo
et al. (1996) and Gaudin et al. (1998). It is therefore more suitable and
reliable to employ the ESS method to investigate the scaling properties
of nonstationary wind fields in this study.

III. SCALING PROPERTIES OF NONSTATIONARY
TYPHOON WIND FIELDS
A. Data source

During the landfall of Super Typhoon Mangkhut, from
September 15 to September 18, 2018, wind speed data were continu-
ously recorded using four three-dimensional (3D) sonic anemometers.
These instruments, each boasting an accuracy of 60.1m/s and a sam-
pling frequency of 10Hz, were strategically positioned at heights of 10,
40, 160, and 320m above ground level on a 356m tall meteorological
gradient tower in Shenzhen, China (22�3805900N, 113�5303600E). A
more comprehensive description of the instrumentation utilized in
this study is available in Cai et al. (2022).

FIG. 1. Taylor’s frozen hypotheses for stationary and nonstationary wind fields.

FIG. 2. The scaling exponent np for stationary and nonstationary wind fields.
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B. The comparison of scaling exponents

In this paper, the 10-minute sample of wind speed, which
includes both longitudinal and lateral components synchronously
measured at three high heights of 40, 160, and 320 meters serves as a
case study to illustrate the analytical process. Two types of TVMs were
obtained under a nonstationary framework as described in Sec. II A,
utilizing both WT-based and EMD-based methods, as shown in Fig. 3.
For comparative purposes, a model with a constant mean was also
evaluated. The results demonstrate that the TVM derived from the
WT-based method captures more detailed local fluctuations in wind
speed than both the EMD-based TVM and the constant mean model.

Notably, the average of Eqs. (1) and (2) can be trivially written as
an integral over the probability density function F darð Þða ¼ u;wÞ of
velocity increments dar . Thus, the structure function Sp rð Þ is the p th
moment of the probability density function FðdarÞ (Water and
Herweijer, 1999). After the time gap Dti;m at every instantaneous time

ti was obtained utilizing Eq. (14) for the specified rm based on different
means including the WT-based TVM, EMD-based TVM, and con-
stant mean, the natural logarithms of the probability density functions
FðdarÞ for the longitudinal and lateral velocity increments dar were
then obtained at the three representative spatial distances of L1¼ 20
m, L2¼ 50 m, and L3¼ 150 m for the wind speed sample at the height
of 320m, as shown in Fig. 4. While the probability distribution maps
for the same spatial distances based on different approaches were simi-
lar in the middle part, there exist some differences at both ends. In
addition, Fig. 4 also reveals that the larger the separation distances are,
the higher the wings on both sides are.

Based on the velocity increments darða ¼ u;wÞ for the wind
speed sample at the height of 320m, higher order statistic skewness,

Sk ¼ ðdarÞ3h i
ðdarÞ2h i3=2, and Kurtosis, Ku ¼ ðdarÞ4h i

ðdarÞ2h i2, are determined for each

spatial distance, as depicted in Fig. 5. For the longitudinal wind speed,

FIG. 3. 10-min wind speed samples mea-
sured at different heights during Typhoon
Mangkhut.
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it is evident that the skewness increases gradually with increasing spa-
tial separation distance and then sharply decreases, and the values are
all greater than zero. It indicates that their probability distributions are
right-skewed. Water and Herweijer (1999) gave a reason for this phe-
nomenon—in the longitudinal configuration, the possibility of convey-
ing information from the point x to the point x þ r depends on the
sign of the velocity increments dur , leading to the asymmetry of the
probability density function FðdurÞ. In terms of the lateral wind com-
ponent, the associated skewness is not always larger than zero. That is
because in these two cases with the velocity w xð Þ and w x þ rð Þ per-
pendicular to r, no such asymmetry can exist for homogeneous turbu-
lence (Water and Herweijer, 1999). Meanwhile, kurtosis is a measure
that describes how heavily the tails of a distribution differ from the tails
of a normal distribution. It is obvious that there is a gradual reduction
in kurtosis even less than 3 in Fig. 5 for these cases, which indicates
that the tail of the distribution becomes lighter with the increase in sep-
aration distances. Meanwhile, it verifies the observation from Fig. 4

that with increasing separation distances, the higher the wings of the
probability distribution maps in both sides are. Additionally, it should
be noted that the disparities in both kurtosis and skewness are less pro-
nounced when usingWT-based TVM and EMD-based TVM.

The analysis results using the ESS method at different orders
p¼ 2, 9, and 16 were computed and provided in Fig. 6 for the longitu-
dinal wind speeds. The strong linear relation between log2ðSp rð ÞÞ and
log2ðS3 rð ÞÞ in Fig. 6 demonstrates the validity of the ESS method for
calculating the scaling exponent np of wind speeds for the low order
p¼ 2. With the increase in p, although the associated linear relation-
ship of log2ðSp rð ÞÞ and log2ðS3 rð ÞÞ gradually weakens from Fig. 6, a
reliable scaling exponent can be still yielded. Hence, the values of np
for the longitudinal and lateral wind speed components were calcu-
lated using this reliable ESS method when taking the order p ¼ 2–16,
as described in Figs. 7 and 8. Meanwhile, the wind speed series mea-
sured synchronously at other two heights (40 and 160m) were sub-
jected to the same operation. For comparison, Figs. 7 and 8 also

FIG. 4. The natural logarithm of the probability density function F of the velocity increments for the wind speed sample at the height of 320 m based on different methods at the
spatial distance of L1¼ 20 m, L2¼ 50 m, and L3¼ 150 m.

FIG. 5. The skewness and kurtosis of velocity increments for the wind speed sample at the height of 320 m with the increase in separation distances utilizing different
approaches.
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present the empirical relations of np with p including the aforemen-
tioned K41, K62, SL, and b models. The analysis results demonstrate
that the SL model presents a better description for the longitudinal
wind speed sample at the height of 160m, while the advanced bmodel
is more appropriate to describe the relationship between np and p at
the other two heights. In terms of the lateral scaling exponent, there
exists a gradual decrease with increase in the measured height, espe-
cially for the high order p from Fig. 8. It should be noted that while the
K41 model presents the best description for the lateral wind speed
sample measured at the height of 40m, four models are not enough to

accurately describe the relationship between np and p at the other two
heights.

The absolute error (AE) and relative error (RE) were adopted to
quantify the discrepancies of scaling exponents np, given by

AE ¼ npI � npO RE ¼ npI � npO
npO

; (17)

where npI and npO were respectively determined by the new (i.e., using
the WT-based TVM and EMD-based TVM) and original approaches

FIG. 6. The variation of Sp against S3 for the longitudinal wind speed at a height of 320 m utilizing (a) WT-based TVM, (b) EMD-based TVM, and (c) constant mean.
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(utilizing the constant mean). Errors of scaling exponents np depicted
in Figs. 7 and 8 are provided in Figs. 9 and 10, showing that the defined
errors of the parameters np are almost the same for the order p less
than 5 obtained by different approaches. However, it dramatically rises
with the order p for p values greater than 5. Given that the absolute
values of the RE and AE obtained from theWT-based method are gen-
erally larger than those derived from the EMD-based approach, as
shown in Figs. 9 and 10, it can be inferred that the more detailed
extraction of the TVM for longitudinal nonstationary wind speeds
results in greater defined errors in the scaling exponents.

The 95% confidence intervals for the scaling exponents of 526
consecutive 10-min longitudinal wind speed samples during Typhoon
Mangkhut obtained by different methods are reported at the orders
p ¼ 2–9 in Table I. For comparison, Table I also presents some previ-
ous experiment results, where “Arneodo, ESS” denotes the result from
various open turbulent flows in Arneodo et al. (1996) utilizing the ESS
method; the term “Saw, ESS” was given by Saw et al. (2018) using the
ESS method for the velocity field in a von Karman setup without the

use of the Taylor hypothesis, where the measurements are made using
the PIV method at four different ranges of spatial scales. In addition,
“Saw, global” results are also obtained from Saw et al. (2018), in which
the nondimensionalized structure functions were conjoined (using
mean energy dissipation rate eh i and the dissipation scale g) and the
curve fitting was then conducted to the combined structure functions
to obtain the global estimates of scaling exponents. The results from
the three methods show notable differences in scaling exponents across
orders p from 2 to 9, especially when compared to previous results
such as “Arneodo, ESS,” “Saw, ESS,” and “Saw, global.” The WT-based
TVM method yielded consistent values, with p¼ 2 exponents around
0.7155–0.7234, reaching approximately 2.0618 at p¼ 9. In contrast,
“Arneodo, ESS” and “Saw, ESS” generally report higher scaling expo-
nents, suggesting that WT-based TVM may provide a more conserva-
tive estimate. The EMD-based TVM results were similar but slightly
lower, peaking at about 2.0599 for p¼ 9. The constant mean method
generally produced the lowest values. Compared to “Saw, global,”
which uses combined structure functions for estimates, these findings

FIG. 7. The change in scaling exponent
np of longitudinal wind speed samples
with the order p at heights of (a) 40 m, (b)
160 m, and (c) 320 m.
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highlight the sensitivity of results to methodological choices, emphasiz-
ing the need for careful consideration in future studies on turbulent
flows during extreme weather events like Typhoon Mangkhut.

IV. SCALING PROPERTIES OF NONSTATIONARY
DOWNBURSTWIND FIELDS
A. Data source

The 2002 Thunderstorm Outflow Experiment, conducted by the
Department of Atmospheric Science at Texas Tech University from
May 20 to July 15, 2002, aimed to acquire high-resolution data regard-
ing the kinematic and thermodynamic surface structure of thunder-
storm outflows. For this purpose, seven portable towers were arranged
in a linear north–south orientation at the Reese Technology Center in
Lubbock, Texas, where the landscape is exceptionally flat. On June 4 of
that year, the propagation of a rear-flank downdraft (RFD) outflow
occurred perpendicularly through the tower array. The wind speed
time series obtained concurrently from the varying elevations of 2, 4, 6,
10, and 15 meters with a sampling rate of 1.0Hz at Tower 4 are

depicted in Fig. 11. A detailed description can be found in Chen and
Letchford (2005, 2006).

B. The comparison of scaling exponents

The TVMs of wind speed histories, extracted by WT-based and
EMD-based methods, are shown in Fig. 12(a), which demonstrates
that the TVM obtained from the WT-based method captures more
detailed local variation in wind speeds compared to both the EMD-
based TVM and the constant mean wind speed. The nonstationary
wind speed at a height of 15m was employed at a reference to present
the detailed analysis process of scaling exponents, as shown in
Fig. 12(b). It should be noted that the downburst wind speed sample
shown in Fig. 12 exhibits stronger nonstationarity than the Typhoon
Mangkhut case given in Fig. 3.

Similar to Sec. III B, the natural logarithm of the probability den-
sity function F of the wind velocity increments for the nonstationary
downburst RFD at the height of 15m was computed based on different

FIG. 8. The change in scaling exponent
np of lateral wind speed samples with the
order p at heights of (a) 40 m, (b) 160 m,
and (c) 320m.
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methods at a spatial distance of L1¼ 20 m, L2¼ 50 m, and L3¼ 150
m, as shown in Fig. 13, which indicates that the probability distribution
for the same spatial distances based on different approaches was only
similar in the middle part. In addition, Fig. 13 reveals that the larger
the separation distances, the flatter the probability distribution maps
become. The skewness and kurtosis of velocity increments with the
increase in separation distances utilizing different approaches were
obtained and are presented in Fig. 14. Compared to the analysis results
for the Typhoon event revealed in Fig. 5, the kurtosis of the velocity
increments of nonstationary downburst wind fields shows a similar

decreasing trend with increasing separation distance, which verifies the
observation from Fig. 13 that with increasing separation distances, the
probability distribution maps grow increasingly flat. Differently from
the Typhoon event, the disparities in both kurtosis and skewness for
the nonstationary downburst are pronounced when using the WT-
based TVM, EMD-based TVM, and constant mean. This is likely due
to the stronger nonstationarity in the time history of the downburst, as
revealed in Figs. 3 and 12.

The variation of Sp against S3 for the nonstationary downburst
RFD at orders p¼ 2, 9, and 16 is provided in Fig. 15. The strong linear

FIG. 9. Associated errors for the longitudi-
nal scaling exponent at heights of (a)
40 m, (b) 160m, and (c) 320 m.

FIG. 10. Associated errors for the lateral
scaling exponent at heights of (a) 40 m,
(b) 160 m, and (c) 320 m.
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TABLE I. Comparison of scaling exponents between this paper for 526 consecutive 10-min longitudinal wind speed samples during Typhoon Mangkhut and previous experiment results.

Order p¼ 2 p¼ 3 p¼ 4 p¼ 5 p¼ 6 p¼ 7 p¼ 8 p¼ 9 Configuration

“Arneodo, ESS”
[0.67,
0.73]

1 [1.25,
1.31]

[1.50,
1.60]

[1.72,
1.82]

[1.98,
2.08]

[2.12,
2.28]

[2.33,
2.43]

Swirling flow, wind
tunnel, downstream

of grid and jet

“Saw, ESS”
[0.685,
0.695]

1 [1.285,
1.295]

[1.54,
1.56]

[1.78,
1.82]

[1.99,
2.05]

[2.19,
2.26]

[2.36,
2.46]

von K�arm�an flows

“Saw, global”
[0.65,
0.71]

1 [1.26,
1.33]

[1.54,
1.61]

[1.79,
1.86]

[2.02,
2.08]

[2.30,
2.39]

[2.52,
2.61]

von K�arm�an flows

40 m

using WT-
based TVM

[0.7215,
0.7249]

1 [1.2227,
1.2290]

[1.4034,
1.4177]

[1.5542,
1.5767]

[1.6852,
1.7162]

[1.8094,
1.8500]

[1.9277,
1.9768]

Typhoon
Mangkhut

using EMD-
based TVM

[0.7210,
0.7245]

1 [1.2219,
1.2282]

[1.3987,
1.4130]

[1.5442,
1.5670]

[1.6775,
1.7100]

[1.8019,
1.8432]

[1.9249,
1.9744]

using
constant
mean

[0.7208,
0.7242]

1 [1.2209,
1.2270]

[1.3996,
1.4137]

[1.5526,
1.5754]

[1.6907,
1.7219]

[1.8158,
1.8565]

[1.9248,
1.9748]

160 m

using WT-
based TVM

[0.7155,
0.7192]

1 [1.2293,
1.2366]

[1.4143,
1.4310]

[1.5750,
1.6009]

[1.7260,
1.7608]

[1.8714,
1.9146]

[2.0103,
2.0618]

using EMD-
based TVM

[0.7160,
0.7198]

1 [1.2293,
1.2365]

[1.4153,
1.4318]

[1.5666,
1.5929]

[1.7151,
1.7504]

[1.8593,
1.9028]

[2.0093,
2.0599]

using
constant
mean

[0.7157,
0.7196]

1 [1.2269,
1.2345]

[1.4102,
1.4272]

[1.5715,
1.5980]

[1.7255,
1.7610]

[1.8710,
1.9152]

[2.0212,
2.0725]

320 m

using WT-
based TVM

[0.7234,
0.7289]

1 [1.2138,
1.2233]

[1.3881,
1.4080]

[1.5476,
1.5783]

[1.6935,
1.7351]

[1.8173,
1.8694]

[1.9526,
2.0139]

using EMD-
based TVM

[0.7243,
0.7298]

1 [1.2143,
1.2237]

[1.3904,
1.4100]

[1.5455,
1.5756]

[1.6860,
1.7262]

[1.8197,
1.8707]

[1.9485,
2.0098]

using
constant
mean

[0.7248,
0.7304]

1 [1.2127,
1.2222]

[1.3868,
1.4062]

[1.5404,
1.5703]

[1.6789,
1.7193]

[1.8179,
1.8679]

[1.9462,
2.0061]
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relation between log2ðSp rð ÞÞ and log2ðS3 rð ÞÞ in Fig. 15 for the low
order p¼ 2 verifies the validity of the ESS method for computing the
scaling exponent np of the nonstationary downburst RFD. It is
observed in Fig. 15 that as the order p increases, the linear relationship
of log2ðSp rð ÞÞ and log2ðS3 rð ÞÞ gradually weakens. In spite of this
observation, a convincing scaling exponent of the nonstationary down-
burst RFD at the higher order p can still be obtained by using the ESS
method from Fig. 15.

The scaling exponents of nonstationary downburst RFD mea-
sured at five heights are described in Fig. 16. The analysis results dem-
onstrate that the SL model presents a better description for the
nonstationary downburst RFD at heights 2 and 6m, while the K62
model is more appropriate to describe the relationship between np and
p at the height of 10m. For the wind speed sample at the remaining
two heights, the efficacy of SL model and K62 model in expressing the
observed phenomena is comparable.

FIG. 11. Wind speed time histories of
RFD.

FIG. 12. The wind speed histories and
TVMs of the nonstationary downburst
RFD.
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FIG. 13. The natural logarithm of the probability density function F of the wind
velocity increments at the height of 15 m.

FIG. 14. The skewness and kurtosis of velocity increments at the height of 15 m
with increase in separation distances utilizing different approaches.

FIG. 15. The variation of Sp against S3 for the nonstationary downburst RFD at the height of 15 m utilizing (a) WT-based TVM, (b) EMD-based TVM, and (c) constant mean.
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FIG. 16. The change of the scaling exponent np of nonstationary downburst RFD with the order p at heights of (a) 2 m, (b) 4 m, (c) 6 m, (d) 10 m, and (e) 15 m.
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The associated errors given in Fig. 17 show that the values of the
AE and RE dramatically rise with the order p when using the WT-based
method. In comparison, the variations in AE and RE with p are much
smaller when utilizing the EMD-based approach. Furthermore, the
absolute values of the RE and AE obtained using the WT-based method
are generally larger than those derived using the EMD-based method, as
shown in Fig. 17. It can be inferred that the more detailed extraction of
the TVM of the nonstationary downburst RFD leads to greater defined
errors in the scaling exponents. In addition, as noted in Fig. 9(c) and
Fig. 17(e), the maximum values ofAE and RE for the wind speed sample
of nonstationary downburst RFD at a height of 15m shown in
Fig. 12(b) are respectively 0.4065 and 12.50%, occurring at the order
p¼ 16 when using the WT-based method, which are significately
greater than the AE of 0.1354 and RE of 3.30% observed for the wind
speed sample of Typhoon Mangkhut at a height of 320m provided in
Fig. 3. This observation leads to the inference that stronger nonstatio-
narity will result in larger defined errors in the scaling exponents. This
suggests that the Taylor’s frozen hypothesis methods need to be adjusted
when computing the scaling exponents np of nonstationary wind speeds
in future studies, particularly for those with strong nonstationarity.

V. CONCLUSIONS

This paper focuses on the improvement of Taylor’s frozen
hypothesis to study the scaling properties of velocity increment of non-
stationary wind fields. According to the original Taylor’s frozen
hypothesis, it assumes that the mean wind speed �U remains constant
and the spatial distance r is determined by r ¼ �U � Dt. Using this rela-
tionship, the structure function Sp rð Þ can be obtained by Sp rð Þ
¼ u ti þ Dtð Þ � u tið Þ

�� ��pD E
. The key step of the new approach is to

substitute the time-varying mean component �U ðtÞ of nonstationary
wind speeds for the constant mean �U . As a result, the spatial distance
rm and structure function Sp rmð Þ of nonstationary wind speed fields

are modified as rm ¼ Ð tiþDti;m
ti

�U tð Þdt and Sp rmð Þ ¼ u ti þ Dti;mð Þ��D
� u tið Þjpi, respectively. It should be noted that the time gap Dti;m is
not fixed for a given rm, but varies with the position x or time t, as
�U ðtÞ is time-variant. Detailed comparisons of the scaling properties of
wind speed data measured during Typhoon Mangkhut and downburst
RFD were conducted employing different methodologies. The main
conclusions of this study are as follows:

FIG. 17. Associated errors for the scaling
exponent of the nonstationary downburst
RFD at heights of (a) 2 m, (b) 4 m, (c)
6 m, (d) 10 m, and (e) 15 m.
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(a) Analysis results reveal that the kurtosis of the velocity incre-
ments shows a decreasing trend with increasing separation
distance utilizing different approaches.

(b) The strong linear relation between log2ðSp rð ÞÞ and log2ðS3 rð ÞÞ
for the low order p verifies the validity of the ESS method for
computing the scaling exponent np of nonstationary wind
fields. As the order p increases, the linear relationship of
log2ðSp rð ÞÞ and log2ðS3 rð ÞÞ gradually weakens. In spite of this
observation, a convincing scaling exponent of the nonstation-
ary wind speeds at the higher order p can still be obtained by
using the ESS method.

(c) The results clearly demonstrate that the various models, includ-
ing the K41 model, K62 model, SL model, and b model, have
their own strengths and limitations. Significant differences in
scaling exponents are observed between the original and new
versions of Taylor’s hypothesis, particularly at the higher order
of p or for the case of wind speed with strong nonstationarity
such as the downburst event. It is thus more reasonable that the
new approach should be employed to conduct a more precise
scaling analysis of nonstationary wind fields.
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