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A B S T R A C T   

By analysing a set of thunderstorm-induced events acquired on the Italian north-west coast, the separation of the 
relevant wind velocity signals into a time-varying mean and a residual fluctuation is considered. It is assumed 
that, within a structural design process, the former is used for a quasi-steady evaluation of the aerodynamic loads 
and the latter to estimate the dynamic response. A procedure based on the continuous wavelet transform is 
proposed to obtain the time-varying mean velocity and its outcomes are compared with those of different moving 
average techniques. The wavelet filtering appears to provide a time-varying mean that better describes the main 
time variations of the original velocity signals; a decrease of the correlation between mean and residual velocities 
is also found. The derivative of the time-varying mean wind speed leads to a time-varying mean acceleration, 
whose characteristics and possible role in a design process are discussed. An estimate of the acceleration-induced 
contribution to the aerodynamic loads on a slender body is also carried out through the Morison equation. The 
force term directly related to acceleration is shown to generally have a limited influence on the total design loads, 
except for bodies that are considerably elongated in the flow direction.   

1. Introduction 

The wind-induced dynamic response of structures is usually per-
formed by separating the mean part of the response from the fluctuating 
one (e.g., Simiu and Scanlan, 1996). The first part is associated with the 
mean velocity of a wind signal, whereas the second one with the velocity 
fluctuations around the mean value. In the study of synoptic winds, this 
separation is straightforward and carried out with a temporal mean over 
a time interval whose range is between 10 min and 1 h, thanks to the 
separation between macro- and micro-meteorological peaks (Van der 
Hoven, 1957). By introducing an adequate value of the structural stiff-
ness, this allows the immediate estimation of the mean aerodynamic 
loads and, consequently, of the mean response. On the other hand, the 
residual turbulence may be considered as a Gaussian, stationary random 
process (Davenport, 1961; Solari, 2019). Taking the mechanical prop-
erties of the structure into account, the corresponding induced dynamic 
response may be estimated. This can be carried out in the time-domain 
through the integration of the motion equations or in the frequency 
domain, by introducing the spectral representations of the load and the 
mechanical properties of the structure. 

The same procedure cannot be adopted when dealing with non- 

stationary phenomena, different from extra-tropical cyclones, such as 
thunderstorm outflows. However, also in these cases it seems important 
to separate the mean part from the fluctuating component through a 
suitable technique. It is customary to derive the time-varying mean from 
a moving average over a suitable time interval (e.g., Choi and Hidayat, 
2002; Chen and Letchford, 2004), which is chosen on the basis of its 
capacity to provide a satisfactory description of the main, generally 
low-frequency, fluctuations present in a typical time history of the ve-
locity recorded during a thunderstorm. Several averaging time intervals 
were tested, for instance, by Lombardo et al. (2014). On the basis of the 
analysis of a high number of thunderstorm records, Solari et al. (2015) 
suggested that a moving average period of 30 s might be a reasonable 
choice to obtain a satisfactory separation between the low and high 
frequency components present in the velocity signals. The effect of 
applying different filters to the average procedure carried out within the 
window width was also recently discussed by Tubino and Solari (2020). 
Several more advanced processing procedures were also proposed, such 
as proper orthogonal decomposition, variable averaging interval, 
empirical mode decomposition and discrete wavelet transform (see, e.g., 
Chen and Letchford, 2005; McCullough et al., 2014; Su et al., 2015). 

However, it should be pointed out that the choice of the procedure to 
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derive a suitable time-varying mean should actually be driven by the 
application to which it is addressed. In particular, if the prediction of the 
response of a structure to the effects induced by a thunderstorm is the 
main purpose, it is reasonable to require that the time-varying mean 
should not only adequately follow the trend of the original wind signal, 
but also that it should not cause a dynamic amplification effect. This 
implies that the maximum frequency present in the time-varying mean 
should be sufficiently smaller than the first natural frequency of the 
structure in consideration (Su et al., 2015; Kareem et al., 2019). The 
resulting decomposition allows the aerodynamic load that derives from 
the time-varying mean to be obtained from a quasi-steady procedure, 
while the dynamic response of the considered structure is associated 
with the residual velocity, which is characterized by higher-frequency 
fluctuations. It may also be noted that the velocity fluctuations of the 
time-varying mean, which generally vary slowly in time, may plausibly 
be assumed to be highly coherent within the spatial scales associated 
with the structure. Therefore, a fundamental requirement of the pro-
cedure leading to the extraction of the time-varying mean is that it 
should be flexible enough to adapt to the specific problem at hand and to 
permit the above-described decomposition. 

While the subject of the extraction of a sensible mean wind speed 
from thunderstorm velocity signals has been rather deeply investigated 
in the literature in the last twenty years, the same great effort has not 
been devoted to other challenging aspects associated with these phe-
nomena, as for instance the estimation of thunderstorm-induced accel-
erations caused by the rapid variations of wind speed and direction 
(Wakimoto, 2001). Moreover, the rapidness with which wind speed and 
flow direction vary might challenge the applicability of the strip and 
quasi-steady theory (Kawai, 1983), which allows a direct relationship 
between wind and force fields to be established through the adoption of 
pressure or aerodynamic coefficients obtained in steady-flow wind 
tunnels. 

When dealing with thunderstorm-induced flow accelerations, one 
has to consider two possible effects. First, on a body subjected to an 
unsteady flow, forces directly connected with acceleration arise and may 
be related to two different components, namely the added mass force 
and the Froude-Krylov force (Buresti, 2012). On the other hand, the 
velocity and vorticity fields around the body might be affected by rapid 
velocity variations, thus producing a change of the aerodynamic load 
coefficients compared to those applied for a steady flow. In spite of the 
great interest associated with thunderstorm-induced accelerations, there 
is not yet a clear methodology as regards the prediction of their values, 
which would be helpful not only for a first estimate of 
acceleration-induced loads, but also for the definition of similitude pa-
rameters to be employed in the reproduction of unsteady flows in suit-
able wind tunnels, capable of characterizing the effects of non-stationary 
winds on structures (e.g., Jesson et al., 2015; Elawady et al., 2017; Yang 
and Mason, 2019). In reality, there is no reason why the separation of 
components seen for the wind velocities should not apply for the ac-
celeration as well. This would permit to define a time-varying acceler-
ation, associated with components of the energy cascade which are 
coherent (for the structure of interest), and might be used to estimate 
their effects through a quasi-steady approach. 

In the present work the continuous wavelet transform is used to 
extract suitable time-varying means and, consequently, fluctuating re-
siduals, from thunderstorm-induced wind velocity signals. The such 
obtained velocities are then used to estimate the time-varying mean 
accelerations associated with the wind signals. The use of the continuous 
wavelet transform permits to follow in time the variation of the fre-
quencies contributing to the energy or to other features of a given signal. 
The choice of the continuous wavelet transform, rather than the more 
commonly used discrete one, is connected with the greater flexibility 
that it may provide. Indeed, the extraction of a time-varying mean is 
practically equivalent to a low-pass filtering with a cut-off frequency 
that should be suitably chosen according to the characteristics of the 
velocity signals characterizing the chosen class of thunderstorm events 

and the natural frequencies of the analysed structure. If the discrete 
wavelet transform is used, this choice cannot be arbitrary. In fact, in this 
case, the cut-off frequency is a consequence of the number of chosen 
frequency levels and of the retained ones to define the time-varying 
mean signal. Conversely, with the continuous transform it may be 
freely selected according to the required application. Actually, when the 
wavelet transform is applied to obtain a time-frequency description of a 
time-varying signal, the choice of the discrete or continuous version 
depends on the particular application. Thus, thanks to a suitable choice 
of particular wavelet shapes and of well-defined time and frequency 
shifts, the discrete transform provides an orthogonal representation, 
capable of describing the given signal with a minimum number of co-
efficients at different levels of detail. Therefore, that type of transform is 
particularly suited for signal compression, denoising or transmission. 
Conversely, when the primary goal is a detailed time-frequency analysis, 
with a precise localisation of signal transients, the continuous transform 
is definitely preferable, and is thus a perfect candidate to obtain a 
flexible procedure to analyse the wind time histories that characterize 
thunderstorm events. As a counterpart, the continuous transform is not 
an orthogonal representation, which implies that it is redundant, i.e. 
that the output time-frequency maps contain information regarding not 
only the analysed signal but also the wavelet functions. However, this is 
not a great drawback for an experienced user (e.g., Kijewski-Correa and 
Kareem, 2006), and it actually provides a stable representation and the 
possibility of choosing the wavelets freely, so that they have desirable 
properties as regards the interpretation of the results and the application 
of dynamical filters. In the last years, the use of the continuous wavelet 
transform has become popular in structural engineering (e.g., Guo and 
Kareem, 2016). Indeed, it may be conveniently employed for 
non-stationary system identification, aiming at defining structural 
modal parameters (Huang and Su, 2007; Shan and Burl, 2011), or within 
procedures to evaluate the dynamic response of buildings (Kijewski--
Correa and Bentz, 2011; Kareem et al., 2019). Another striking appli-
cation concerns the definition of the damage by detecting changes in the 
mode shapes (Solìs et al., 2013). 

Following this introduction, a brief description of the continuous 
wavelet transform is provided in Section 2. Section 3 first illustrates 
traditional techniques to extract moving averages from thunderstorm 
velocity signals, then describes a novel procedure to pursue the same 
scope based on the continuous wavelet transform, and provides a com-
parison of the performance of the different techniques. In Section 4, the 
time-varying mean acceleration is obtained from the derivation of the 
time-varying wind velocity and is compared with the one derived from 
moving average techniques; subsequently, a discussion on the origin and 
relative importance of the acceleration-induced aerodynamic forces is 
provided. Section 5 extends the application of the proposed procedure to 
the ensemble analyses of a set of 15 wind events associated with thun-
derstorm outflows, providing a statistical characterization of different 
quantities. Finally, some conclusions are drawn in Section 6. 

2. Brief outline of continuous wavelet transform procedures 

A wavelet can be any real or complex-valued function ψ(t) ∈ L2 that 
satisfies the following admissibility condition: 

Cψ =

∫∫∞

− ∞

|ψ̂ (ω)|2|ω|− 1dω < ∞ (1)  

where ψ̂ (ω) is the Fourier transform of ψ(t); this condition implies, in 
practice, that ψ(t) has zero mean value. The function ψ(t) is called the 
mother wavelet and can be used to generate a wavelet family ψaτ(t) by 
continuous translation and dilation: 

ψaτ(t)= a− 1
pψ
(t − τ

a

)
(2)  
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where the scale a and the parameter τ characterize the dilation and the 
translation of the wavelet function, respectively. The value of p defines 
which norm of the wavelet is constant upon dilation. In particular, it 
may readily be seen that when p = 1 or p = 2 the L1 or the L2 norms, 
respectively, of the dilated and translated wavelets ψaτ(t) are constant 
and equal to the corresponding values of the mother wavelet. The 
dilation procedure expressed by Eq. (2) allows the definition of ana-
lysing wavelet functions which are all characterized by the same number 
of oscillations. Then, the wavelet functions can be stretched in such a 
way that they provide a good frequency resolution at low frequencies 
and a good time resolution at high frequencies. 

The continuous wavelet transform of a function x(t) is defined as the 
L2 inner product between x(t) and the wavelet family ψaτ(t): 

Wx(a, τ)=
∫+∞

− ∞

x(t)ψ∗
aτ(t)dt (3)  

where * indicates complex conjugation. 
The formula for the inverse transform is the following (e.g., Kaiser, 

1994): 

x(t)=
1

Cψ

∫∞

− ∞

∫∞

0

a

(

2
p− 3

)

Wx(a, τ)ψaτ(t)dadτ. (4) 

The energy of the signal may also be recovered from the wavelet 
transform: 

||x(t) | |2 =
1

Cψ

∫∞

− ∞

∫∞

0

a

(

2
p− 3

)

|Wx(a, τ)|2dadτ. (5) 

In the following, both the values 1 and 2 will be used for the 
parameter p, and the corresponding transforms will be denoted as the L1 

and L2 transforms, respectively. Indeed, even if the L2 transform is the 
most commonly used, it will be seen that in certain circumstances the L1 

transform may be preferable for the characterization of the higher fre-
quencies which can be present in a signal. 

In the present work the complex Morlet wavelet is used: 

ψ(t)= eiω0 te− t2/2 (6)  

whose Fourier transform is 

ψ̂ (ω)= e− (ω− ω0)
2/2. (7)  

Although this mother wavelet does not exactly satisfy the admissibility 
condition, it becomes admissible when ω0 ≥ 6 within typical computer 
round-off accuracy. The Morlet wavelet is chosen because of its many 
favourable features, the first of which is that a simple relation holds 
between the scale parameter a and the usual Fourier frequency f , namely 
f = ω0/(2πa). Furthermore, it is an analytic signal, i.e. a complex-valued 
function with ψ̂ (ω) = 0 for ω < 0, which is an advantageous feature for 
the characterization of modulated signals (see, e.g., Carmona et al., 
1998; Buresti et al., 2004; Mallat, 2008). The Morlet wavelet has also an 
optimal joint time-frequency concentration and provides an excellent 
compromise between time and frequency resolution. 

The output of the wavelet transform at a particular couple of time 
and frequency represents the contribution, in a certain time interval 
around the chosen instant, of frequencies contained in a certain interval 
around the selected one. The dimensions of those intervals define the 
frequency and time resolutions of the transform and are determined by 
the chosen wavelet. However, depending on the requirements of the 
procedure in which the wavelet transform is used, one may choose to 
improve the frequency or the time resolution. For instance, in certain 
circumstances it may be useful to improve the frequency resolution even 
if this decreases the time resolution. With the Morlet wavelet this can be 

done easily by increasing the value of the central frequency parameter 
ω0. 

When a complex wavelet is used, the output of the transform is 
complex and may be represented in maps where, for each value of time 
and frequency, various quantities may be reported. The most common 
one is the square modulus of the transform, which is directly connected 
with the energy of the signal and may also be advantageously used to 
develop dynamical filters. This may be done, for instance, by choosing a 
threshold value and applying it to the map: the values above the 
threshold are kept and those below it are put to zero. The inverse 
transform is then applied and the extracted signal is equivalent to the 
application of a particular band-pass filter with continuously varying 
multiple bands. In other words, only the frequencies giving a chosen 
level of contribution to the energy of the signal fluctuations are thus 
retained in different intervals of time (see, e.g., Torrence and Compo, 
1997). Therefore, the information contained in the square modulus of 
the transform can be used to identify the fundamental harmonic com-
ponents which are present in the signal, especially if this is irregular and 
intermittent. 

If the values of the square modulus of the wavelet transform are 
integrated in time, a wavelet spectrum is obtained, which may be shown 
to be connected with the Fourier power spectrum averaged by the power 
spectrum of the wavelet. Particularly for highly non-stationary and 
modulated signals, the wavelet spectra are smoother than the Fourier 
spectra and the dominating frequencies may better be highlighted 
without the necessity of any averaging procedure. The wavelet power 
spectrum can thus be evaluated as: 

Px,W(a)=
1

Cψ

∫+∞

− ∞

⃒
⃒
⃒
⃒
⃒
⃒
Wx(a, τ)|2dτ. (8) 

On the other hand, cross-sections of the square modulus maps at 
fixed times provide the time variation of the frequencies contributing to 
the energy of the signal, and may thus be connected with a sort of time- 
varying power spectrum. However, in this case the wavelet finite time 
resolution must be considered, which implies that even sudden changes 
of the dominating frequencies produce effects on the map cross-sections 
for intervals of time that encompass the instants when the variations 
take place. 

3. Wind velocity analysis 

3.1. Moving average techniques 

Because of its simplicity, the moving average technique represents 
the most common way to extract the time-varying mean of non- 
stationary winds (Tubino and Solari, 2020). Often, this procedure is 
accomplished by defining a time window of size T, which, for thun-
derstorm outflows, is usually put equal to 30 seconds. When all the data 
belonging to the moving window contribute in the same way to the 
definition of the moving average corresponding to a certain instant, a 
constant weighting function is used; this procedure has been extensively 
employed by many authors (e.g., Choi and Hidayat, 2002; Chen and 
Letchford, 2004; Solari et al., 2015). Its representation in the time 
domain is: 

wC(t)=

⎧
⎪⎪⎨

⎪⎪⎩

1
T

|t| <
T
2

0 |t| >
T
2

, (9)  

where T = 30 s. As pointed out by Su et al. (2015), it is possible to adopt 
different and more suitable weighting functions, rather than the con-
stant weighting function. They proposed a kernel regression technique, 
while Tubino and Solari (2020) focused their attention on a Gaussian 
weighting function, which is defined in the time domain as: 

S. Brusco et al.                                                                                                                                                                                                                                  



Journal of Wind Engineering & Industrial Aerodynamics 221 (2022) 104886

4

wG(t)=

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

exp
(

−
φt2

T2

)

∫ T/2

− T/2
exp

(

−
φt2

T2

)

dt
|t| <

T
2

0 |t| >
T
2

. (10)  

While T is the only parameter to be assigned for the constant weighting 
function, the Gaussian weighting function also requires a second 
parameter, φ, which is responsible of the truncation outside the interval 
[

− T
2;

T
2

]

; in fact, if φ is greater or equal to 12, that effect can be neglected 

and the Fourier transform of the Gaussian weighting function becomes: 

ŵG(n) ≈ exp
(

−
π2n2T2

φ

)

. (11)  

A value of φ greater but close to 12 allows a satisfactory separation 
between the harmonic contents of the mean and fluctuating components 
to be obtained (Tubino and Solari, 2020), whilst this does not occur for 
the constant weighting function. 

Once the moving mean wind speed has been extracted, it is possible 
to treat the residual part in order to obtain a moving standard deviation 

of the residual, from which a longitudinal reduced fluctuation Ũ
′

with 
Gaussian and stationary properties may be obtained (Chen and Letch-
ford, 2004). An important remark of the paper by Tubino and Solari 
(2020) is that the traditional adoption of a constant weighting function 
is the responsible for an unphysical oscillating behaviour which is found 
in the low frequency range of the power spectral density function (psdf) 

associated with the longitudinal reduced fluctuation Ũ
′

(e.g., Solari 
et al., 2015; Zhang et al., 2018a, 2018b). This drawback can produce 
errors when estimating the dynamic response of structures whose me-
chanical admittance harmonic content is in the range where the oscil-
lations are more evident. Conversely, when a Gaussian weighting is 

adopted, the associated reduced turbulence is characterized by a 
smoother psdf, preventing thus these unphysical oscillations. On the 
other hand, the adoption of a Gaussian weighting function leads to a 
higher correlation coefficient between the mean velocity and its fluc-
tuating component. 

3.2. Time-varying mean through a novel continuous wavelet transform 
procedure 

The concepts introduced in Section 2 regarding the continuous 
wavelet transform, in particular as concerns the dynamic filtering pro-
cedure, are now applied on a selected 10-min wind event record, which 
is present in the databases of the European projects “Wind and Ports” 
(Solari et al., 2012) and “Wind, Ports and Sea” (Repetto et al., 2018). 
The signal has been acquired in Genoa on the night between the 2nd and 
3rd of November 2012. The change of the flow direction in this signal (e. 
g., Brusco et al., 2019) is neglected in this analysis. The sampling fre-
quency of the anemometer network handled by the University of Genoa 
is 10 Hz, and thus the wind event of interest is composed of 6000 
samples (i.e., 10-min recording). However, in the following all the re-
ported analyses will refer to the central 4096 (=212) samples. The 
chosen velocity signal is shown in Fig. 1a), in which the central analysed 
portion is identified by black dashed vertical lines. 

The continuous wavelet transform of the signal, adopting a Morlet 
wavelet with ω0 = 2π, is then evaluated using 501 scales for each of the 
four frequency decades from 10− 3 Hz to 10 Hz in which the harmonic 
content of the signal is divided (disregarding the results above the 
Nyquist frequency of 5 Hz). In Fig. 1b) the L1 resulting wavelet power 
spectrum is shown and allows the dominating frequencies present in the 
signal to be detected. 

As already pointed out, the wavelet transform permits to carry out a 
dynamical filtering by choosing a frequency range of interest, and in 
particular a cut-off frequency nco,U, and a threshold value to be applied 
on the wavelet energy maps. In the present work, the thresholding 

Fig. 1. Wind signal associated with a real thunderstorm outflows: a) time-history of the wind speed and identification of the central 4096 (=212) samples; b) Wavelet 
power spectrum. 
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procedure has been applied on the L1 energy map, separately for each of 
the portions of the map defined by the different frequency decades. This 
choice has been adopted to overcome the possible problem that the 
excessive contribution associated with a fundamental wave could hide 
other energetic contributions that might turn out to be important in the 
reconstruction of the time-varying mean. A threshold parameter λ, 
which multiplies the mean value of the energy of the map associated 
with each decade, is used. By applying the inverse transform, the time- 
varying mean of the signal, UW, is then extracted. 

The choice of the above-described parameters must be carried out by 
analysing the specific case at hand. As already pointed out, the value of 
the cut-off frequency derives from a clear procedure, namely that is 
should be sufficiently smaller than the first natural frequency of the 
structure whose design is being considered. However, in order to 
perform sensible comparisons with the results deriving from the tradi-
tional choice of a moving average period T = 30 s, the value nco,U = 2/
T = 0.067Hz is assumed in the following. In effect, as may be deduced 
from the analysis of Tubino and Solari (2020), in the moving average 
procedures almost the entire energy contribution above the frequency 
2/T is filtered by the action of both the constant and Gaussian windows, 
and is thus associated with the residual fluctuating component. 

As for the threshold parameter λ, it may be chosen by analysing its 
effects on meaningful features of the ensuing time-mean and residual 
velocities. In the present case, several values of λ were investigated in a 
range which starts from low (0.05) to high values (1.4). As a reference, 
the value λ = 0, which corresponds to a complete low-pass filter, is also 
considered. The variation with λ of the time-varying mean functions is 
reported in Fig. 2, whereas the effect of the threshold parameter on the 
wavelet spectra of UW may be appreciated in Fig. 3. In both graphs, the 
curve corresponding to λ = 0 is hardly distinguishable from λ = 0.2, 
letting transpire a small difference between the two cases. Conversely, 
when the threshold parameter increases, the relevant time-varying 
means exhibit remarkable discrepancies compared to the original 
signal, in terms of both mean trend and spectral content. 

The analysis is also carried out as regards the statistical character-

ization of the residual function U′

W(t). In particular, the variation of its 
standard deviation, skewness and kurtosis (the last one to be read on the 
right ordinate) as a function of λ are reported in Fig. 4; in the same 
figure, the effect of the threshold parameter on the correlation coeffi-
cient r between the time-mean and residual velocities is also shown. 
From all these results, it may be observed that an excessive increase of λ 
has the effect of reducing the energy content at low frequencies that 
should characterize the time-varying mean. However, the statistical 
parameters of the residual and its correlation with UW start changing 
significantly only above, say, λ = 0.4. As will be seen in section 5, the 
same conclusion is found by analyzing a set a wind signals associated 
with several thunderstorm-induced downburst events. In any case, a 
non-zero value of the threshold parameter is desirable to avoid the 
presence in the time-varying mean of frequencies with negligible energy 
contribution. Thus, considering also the corresponding satisfactory 
trend of the derived time-varying mean in describing the main low- 
frequency variations of the original velocity signal (see Fig. 2), the 
value λ = 0.2 appears as an excellent compromise, since it permits to use 
a threshold technique while maintaining the main characteristics of the 
signal; therefore, this value was finally chosen and used in all the 
following analyses. 

Fig. 5a) displays the L1 energy map that has been obtained by 
choosing nco,U = 0.067 Hz (indicated in the graph) and λ = 0.2. By 
applying the inverse transform, the time-varying mean of the signal, UW,

is eventually extracted; its time variation is shown in black in Fig. 5b), 
together with the original signal U (in grey in the figure) and the residual 
fluctuating turbulence U′

W (in dark grey). 

3.3. Comparison between different techniques 

The comparison between the moving average techniques and the 
wavelet filtering is now described. For the moving average with window 
size T = 30 s, the cases with constant and Gaussian weighting functions 
are considered, and their resulting moving means are respectively 
denoted as UC and UG. As far as the Gaussian weighting function is 

Fig. 2. Time-mean varying velocity UW(t) evaluated with different threshold parameters λ on the selected event. The zoom on the top left of the graph is focused on 
the peak of the wind event. 
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concerned, a value of φ equal to 12 has been assumed. In Fig. 6 these 
functions are compared with the original velocity signal U and with UW. 

As can be seen, the wavelet filtering is the one that provides a moving 
mean velocity more closely following the main time variations of the 
original velocity signal. Actually, it seems to be the only technique 
providing a satisfactory description of the fluctuations occurring with a 
period of T or even T/2. As for the moving average procedures, the one 
using a Gaussian weighting function seems to better represent the main 
time variations of the original signal. 

Fig. 7 shows the comparison between the wavelet spectra of the re-
sidual fluctuations obtained with the various techniques. The spectrum 
of the original velocity signal is also reported and permits to observe that 
the spectral content at frequencies below 2/T (indicated through a 
vertical dashed line in the graph) of the residuals obtained from the 
moving averages is rather significant. Actually, in a certain frequency 
range around 0.04 Hz the spectrum of the residual from the constant 
weighting function technique has an even higher content than the 
original signal. Conversely, and as desired, the wavelet procedure 
almost completely filters out all the energy content below the chosen 
cut-off frequency. These effects are reflected in the correlation 

coefficients r between the moving means and the residuals obtained with 
the various procedures, which are reported in Table 1, together with the 
mean values of the residuals. Among the windowing techniques, the 
Gaussian shows a lower residual mean value but a higher value of the 
correlation coefficient. The proposed wavelet technique clearly appears 
to be superior from both points of view. Furthermore, it is reasonable to 
expect that the use of the continuous wavelet transform (which is carried 
out in the frequency domain) and of cut-off frequencies more than one 
order of magnitude lower than the sampling frequency should preserve 
the obtained wind velocity signals from aliasing effects. 

4. Wind acceleration analysis 

4.1. Evaluation of thunderstorm-induced accelerations 

As a general observation, it is reasonable to assume that the moving 
mean velocities, whatever the technique used for their derivation, 
should be associated with flow structures characterized by large scales, 
which may then reasonably be considered to be perfectly correlated 
even along structures of considerable dimensions. Therefore, the same 

Fig. 3. Variation of the wavelet spectra of UW(t) with the threshold parameter on the selected event.  

Fig. 4. Influence of λ on statistical parameters of U′

W and on its correlation with UW for the selected event.  
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Fig. 5. Result of the application of the procedure for the chosen wind signal. a) Filtered wavelet energy map; b) Extracted time-varying mean velocity, UW , and 
residual fluctuating component U’W(t). 

Fig. 6. Comparison between the moving mean velocities obtained from different techniques on the selected event.  

Fig. 7. Comparison between the wavelet spectra of the residuals obtained with different techniques on the selected event.  
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may be realistically expected for the corresponding accelerations and for 
the associated aerodynamic loads. 

The numerical estimate of the thunderstorm-induced acceleration a 
associated with the signal U shown in Fig. 1a may be performed through 
a 2nd order central finite differentiation, and the result is shown in Fig. 8. 

By carrying out the numerical derivative of the signal time-varying 
mean UW, it is possible to obtain the corresponding acceleration, here-
inafter called aW. By subtracting the latter from a, one may derive the 
fluctuating part of the acceleration, a′

W. The same procedure may be 
carried out for the moving averages described in Section 3.1, and the 
relevant accelerations are denoted as aC and aG. In Fig. 9 a comparison is 
provided of the accelerations obtained with the different techniques 
applied on the signal introduced in Section 3.2. 

To further compare the results deriving from the different tech-
niques, Fig. 10 shows the comparison between the wavelet spectra of aW, 
aC and aG, while Fig. 11 reports the spectra of the corresponding re-
siduals for a frequency range between 0.01 and 0.5 Hz, where the 
transition between mean and fluctuating parts occurs. A summary of the 
statistical parameters characterizing the various accelerations is re-
ported in Table 2. 

The results obtained by applying the central finite differentiation are 
fully compatible with those from other derivation techniques (e.g., from 
the analytical derivative starting from the reconstruction of a continuous 
signal from its samples). 

As perhaps could be expected, from the above results one may 
conclude that the accelerations obtained from the derivation of the 
moving means exhibit non-negligible energies at higher frequencies 
than the velocities from which they derive. The maximum frequencies 
present in the signals significantly depend on the adopted technique to 
derive the moving mean velocities. In particular, compared to the other 
cases, the time-history of the acceleration ac seems to be affected by a 
small-energy content at higher frequencies (Fig. 9). This is induced by 
the transfer function of the constant weighting function, which does not 
allow an adequate separation of the harmonic content of the mean and 
fluctuating components, as already mentioned in Section 3.1. This 
drawback is amplified when studying the acceleration, whose definition 
involves a derivative process. Nevertheless, it may also be seen that the 
maximum absolute acceleration values are higher when the wavelet 
filtering is used (Fig. 9 and Table 2). This is true for the mean value of the 
absolute acceleration and the standard deviation as well. The spectrum 
associated with aW presents much higher values than the other two up to 

0.05 Hz, before a sudden drop (Fig. 10). 
Moving to the analysis of the residuals a′

i, Fig. 11 shows that the 
harmonic contribution of the residual a′

C overestimates the original one 
in the frequency range around 0.04 Hz, before overlapping the other 
techniques for higher frequencies. The residual a′

W is the one that most 
rapidly grows, once the desired cut-off frequency has been approached. 
Therefore, the choice of deriving the acceleration from a time-varying 
mean velocity by the proposed wavelet procedure appears to be the 
most appropriate. 

4.2. Acceleration-induced aerodynamic forces 

This section aims at deriving an estimate of the relative magnitudes 
of the aerodynamic forces linked to the velocity and to the acceleration 
of a given free-stream. For the sake of simplicity, we will express the 
along-wind forces acting on a fixed body immersed in a unidirectional 
unsteady wind U by means of the Morison equation (Morison et al., 
1950, 1953), in a form in which the sign of the velocity is assumed not to 
vary (as may be considered reasonable for winds): 

FX(t)=
1
2

ρAU(t)2cD + ρV
∂U(t)

∂t
+ ρVrca

∂U(t)
∂t

(12)  

where ρ is the fluid density, A is a reference surface, cD is the drag co-
efficient, ca is the added mass coefficient, V is the body volume and Vr is 
the reference volume used for the definition of the added mass coeffi-
cient. 

The two terms proportional to the acceleration ∂U
∂t are, respectively, 

the Froude-Krylov and the added mass forces. The former derives from 
the presence, in an accelerating flow, of a pressure gradient that acts on 
each volume of the fluid. Therefore, if a volume of fluid is replaced by a 
solid body, then the same pressure field would act over its surface and 
would produce a force that is directly proportional to the acceleration 
and to the displaced mass of the fluid. Consequently, the Froude-Krylov 
force is zero if the volume of the body is negligible, as may be the case, e. 
g., of a flat plate. Conversely, the added mass force acts on a body as a 
consequence of the work that must be done on the fluid to account for 
the variation of its global kinetic energy caused by the change of the 
relative velocity between body and fluid. Therefore, the added mass 
force is connected with the relative acceleration, which coincides with 
the flow acceleration in the present case of a fixed body. The reference 
volume appearing in the added mass term does not necessarily coincide 
with the body volume. Indeed, the added mass does not vanish when the 
volume of the body is zero and, thus, in that case a finite arbitrary 
reference volume may be chosen and this choice obviously determines 
the value of the non-dimensional added mass coefficient. 

In the following we will assume the volume of the body not to be zero 
and to be chosen as the reference volume for the added mass coefficient. 
By introducing the so-called inertia coefficient cm = 1+ ca, it is then 

Table 1 
Correlation coefficients obtained with the three different techniques on the 
selected event.   

Constant Gaussian Wavelet 

r 0.119 0.124 0.071 

mean (U’
i ) 
[m

s

]
0.0163 0.0091 7.35 x 10 − 9  

Fig. 8. Numerical derivation of the signal U presented in Fig. 1a.  
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possible to reformulate Eq. (12) in the following way: 

FX(t)=
1
2

ρAU(t)2cD + ρVcm
∂U(t)

∂t
(13)  

The coefficients cD and ca are generally obtained in such a way that the 
actual variation of a measured force best fits (in the mean square sense) 
the one given by the equation. 

As a note of caution, it should be reminded that the Morison equation 
is an approximation and that the various coefficients are, in principle, a 
function of time and of the flow parameters. Furthermore, the prediction 
of the added mass coefficient is highly uncertain for a bluff body in a 
generic time-varying flow due to the lack of available experimental data, 
most of which refer only to purely sinusoidal oscillatory flows with 
application to wave-induced forces (e.g. Sarpkaya, 1981, 2010). None-
theless, the values corresponding to a potential flow may be readily 

Fig. 9. Comparison between the accelerations derived from the different moving means.  

Fig. 10. Comparison between the wavelet spectra of the accelerations derived from the moving means obtained with the different techniques.  

Fig. 11. Comparison between the wavelet spectra of the residual accelerations obtained with the different techniques.  

Table 2 
Statistical parameters of the accelerations derived from the moving means ob-
tained with the different techniques.   

Constant Gaussian Wavelet 

mean (|ai|)
[m
s2

]
0.068 0.075 0.14 

max (|ai|)
[m
s2

]
0.33 0.33 0.64 

std (ai)
[m
s2

]
0.093 0.10 0.18 

std (a′

i)
[m
s2

]
1.93 1.93 1.93  
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evaluated and may generally be considered as upper estimates, so that 
they should presumably lead to conservative predictions. 

As an example, we will assume the body to be a slender cylinder with 
span-wise length L, cross-flow dimension H and cross-section S. As a 
reference surface for the drag force it is then reasonable to take the 
frontal area A = LH, while the body volume is equal to V = LS. We 
may then write the expression for the force as follows: 

Fx  (t)=
1
2

ρLHU(t)2cD

⎛

⎜
⎝1+ 2

cm

cD

S
H

∂U(t)
∂t

U(t)2

⎞

⎟
⎠ (14)  

The second term inside the parenthesis provides the relative importance 
of the force directly dependent on the acceleration compared to the drag 
force acting on the body in a steady flow having the same velocity. 
Considering that the ratio cm/ cD is generally of unitary order of 
magnitude (e.g. Sarpkaya, 2010), the acceleration-related term is seen to 
be directly proportional to an along-wind reference length l equal to S/
H and to twice the ratio between the acceleration and the square value of 
the velocity. As pointed out in the previous Section, it is reasonable to 
assume the time-varying mean acceleration aW to be well correlated 
along typical civil structures and thus that it may be the main one 
contributing to the acceleration-induced aerodynamic loads. Therefore, 
considering the usual design wind velocities and the maximum expected 
values of aW in thunderstorms (see also Brusco, 2021, and the data re-
ported in Section 5), Eq. (14) shows that the force directly connected 
with acceleration may give a significant contribution to the design loads 
only if the body is considerably elongated in the flow direction. 

Nonetheless, it is important to notice that there is no reason to as-
sume that the coefficient cD is independent of acceleration and that its 
values obtained in a steady flow may be uncritically used when rapid 
variations of the velocity are present. Therefore, the use of a quasi- 
steady approach in association with time-varying mean velocities and 
accelerations (e.g., Brusco and Solari, 2021) should be substantiated 
through adequate investigations. This implies, for instance, the oppor-
tunity of deriving the force coefficients during unsteady-flow wind 
tunnel tests, through suitable procedures for the analysis of the obtained 
force signals. Investigations on this matter were pioneered by Sarpkaya, 
1963, 1966, who showed, for a circular cylinder, an overshooting of the 
coefficients evaluated in accelerating flows compared to the corre-
sponding values in steady conditions. Nevertheless, focusing on lower 
magnitudes of acceleration values, more realistic for thunderstorm 
outflows, Yang and Mason (2019) showed that, for a square cylinder and 
for 1:3 and 3:1 rectangular cylinders at zero incidence, it is unlikely to 
find load values that are higher than those experienced at the same wind 
speeds in steady conditions. 

5. Ensemble analysis of 15 thunderstorm outflows 

While Sections 3 and 4 aim at describing the defined techniques and 
their applications on a selected wind event, in this section the proced-
ures are applied on a set of 15 different wind events (hereinafter called 
WE1 – WE15) extracted from the database of the projects “Wind and 
Ports” and “Wind, Ports and Sea”. Some details about these events are 
given in Table 3; WE3 is the signal that has been studied in Sections 3 
and 4. The results that are reported in the following are all obtained from 
averages over all the 15 events. 

The average spectra of the residual velocities obtained from the 
different techniques analysed in the present work are reported in Fig. 12, 
together with the average spectrum of the original velocities of the 
considered set of events. As can be seen, the outcome of this figure is 
analogous to the one of the corresponding Fig. 7, which refers to the 
WE3 event. In particular, compared to the wavelet technique, the 
moving average procedures are seen to provide a limited filtering of the 
energy over a significant range of frequencies below the expected cut-off 
frequency associated with the chosen average time window. This is 

again witnessed by the different values of the correlation coefficient r 
between the moving means and the residuals obtained with the various 
procedures, which are reported in Table 4. The comments relating to the 
single selected event remain valid and the wavelet procedure shows 
significantly lower correlation values than the other two techniques. 

Table 5 shows the comparison between mean values, standard de-
viations, skewness and kurtosis of the residual fluctuations, obtained by 
applying the different techniques described in Section 3. Compared to 
the other two methods, the technique based on the continuous wavelet 
transform leads to a reduction of the standard deviation and skewness 
and to a slightly higher kurtosis. 

As regards the accelerations, Fig. 13 shows the average spectra of the 
accelerations obtained by derivation of the moving mean velocities 
obtained with the different techniques. It is apparent that the observa-
tions relevant to Fig. 10 (on the initially selected event) generally still 
apply to the whole considered set of events. Moreover, Fig. 13 better 
highlights the inherent property of the transfer function of the constant 
weighting filter, which tends to amplify the small-energy contribution 
associated with the high-frequency range, differently from the other two 
procedures; this was already recognizable from a visual inspection of the 
time-histories relevant to WE3 reported in Fig. 9. 

In Table 6 the averaged statistical parameters characterizing the 
various accelerations are also reported. The values are substantially in 
agreement with one of the few references which provide a quantification 
of thunderstorm-induced accelerations, namely Mason and Yang (2016). 
Indeed, they estimated in 1 m/s2 the acceleration associated with the 
signal regarding the Andrews Air Force Base microburst and reported by 
Fujita (1985). Besides, it seems worth of consideration to note that the 
three different techniques lead to the same value of the standard devi-
ation of the residual part of the acceleration. 

Finally, in order to substantiate the observations reported in Section 
3.2 as regards the choice of the threshold parameter, in Fig. 14 the 
statistical parameters for the residual velocity, evaluated as averages 
over the 15 considered thunderstorm wind events, are reported for 
values of λ up to 0.4. As can be seen, the variations are limited, in 
agreement with what found for the previously analysed single case and 
shown in Fig. 4. 

The influence of λ is found to be even lower as regards the average 
statistical parameters of the time-varying mean acceleration and of its 
residual, as can be appreciated from Fig. 15, which shows the quantities 
relevant to the acceleration. 

These final results seem to confirm the minor role played by the 
threshold parameter λ, whose action is marginal compared to the crucial 
choice of the cut-off frequency. 

Table 3 
Generalities about the fifteen thunderstorm outflow records selected from the 
database.  

Event name Location, Port of Anemometer No. Date 

WE1 La Spezia 2 30/01/2015 
WE2 Genoa 1 28/10/2012 
WE3 Genoa 1 03/11/2012 
WE4 Livorno 1 16/12/2011 
WE5 Livorno 4 18/01/2014 
WE6 Livorno 5 16/11/2010 
WE7 Livorno 5 15/10/2012 
WE8 La Spezia 3 25/10/2011 
WE9 La Spezia 3 15/10/2012 
WE10 La Spezia 3 09/02/2014 
WE11 La Spezia 2 25/10/2011 
WE12 Genoa 1 28/11/2012 
WE13 La Spezia 3 11/04/2012 
WE14 La Spezia 3 13/10/2014 
WE15 La Spezia 3 24/08/2015  
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6. Final remarks 

In the present paper the separation of thunderstorm-induced velocity 
signals into a moving mean and a residual fluctuation is considered. The 
rationale of the decomposition, within a structural design process, is to 
use the former for a quasi-steady evaluation of the aerodynamic loads 
and the latter to estimate the dynamic response of the structure. The 
consequence is that the decomposition should be carried out taking the 
application which the procedure is intended for into account. In 
particular, the moving mean wind speed should be characterized by a 
harmonic content which is low enough compared to the one of the 
mechanical admittance of the structure. 

In order to obtain the time-varying mean velocity, a procedure based 
on the continuous wavelet transform has been here proposed and its 
outcomes have been compared with the ones of moving average tech-
niques which use time windows with constant or Gaussian weighting 
functions. When the moving average procedures are used, the cut-off 
frequency is directly connected with the chosen time window; 

conversely, it may be freely selected when using the continuous wavelet 
transform, thus allowing a higher flexibility in adapting to the particular 
problem at hand. However, in order to allow a sensible comparison to be 
carried out, in the present work the cut-off frequency of the wavelet 
filter was chosen to match the theoretical one of the moving averages, 
which derived from the choice of 30 s for the time window. On the other 
hand, a careful analysis was carried out of the effects of the threshold 
parameter λ, which governs the action of the wavelet dynamic filter. 
Indeed, it defines the fraction of the mean value of the energy wavelet 
map below which the contributions to the definition of the time-varying 
mean are disregarded. By analysing the variation with λ of the time- 
varying mean spectra and of the statistical characteristics of the resid-
ual velocities, it was found that the choice is actually not critical pro-
vided λ is not too large. In practice, values up to 0.4 may be chosen 
without significantly affecting the characteristics of the derived time- 
varying mean velocities. In the present case the value λ = 0.2 was 
chosen as optimal and then used for all the subsequent analyses. 

The result of the application of the different techniques showed that, 
compared to the moving average techniques, the proposed wavelet 
filtering provides a moving mean velocity that better describes the most 
significant time variations of the original velocity signal. Furthermore, a 
more complete filtering of the low-frequency energy content of the re-
sidual velocities was found from the analysis of their spectra, with a 
consequent decrease of the correlation between mean and residual 

Fig. 12. L1 wavelet power spectra of the residual velocities, averaged over 15 events.  

Table 4 
Correlation coefficients obtained with the three different techniques, averaged 
over 15 events.   

Constant Gaussian Wavelet 

r 0.096 0.11 0.055  

Table 5 
Statistical characterization of the residual fluctuations.   

U′

C  U′

G  U′

W  

mean (U′

i)
[m

s

]
0.0062 0.0033 9.02 x 10 − 10 

std (U′

i)
[m

s

]
1.43 1.20 1.04 

Skew (U′

i) 0.13 0.061 -0.036 

Kurt (U′

i) 5.32 5.79 6.18  

Fig. 13. L1 wavelet spectra of the accelerations derived from the moving means obtained with the different techniques (averaged over 15 events).  

Table 6 
Statistical parameters of the accelerations derived from the moving means ob-
tained with the different techniques.   

Constant Gaussian Wavelet 

mean (|ai|)
[m
s2

]
0.090 0.11 0.19 

max (|ai|)
[m
s2

]
0.42 0.43 0.87 

std (ai)
[m
s2

]
0.117 0.139 0.26 

std (a′

i)
[m
s2

]
3.79 3.79 3.79  
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velocities. 
The numerical derivative of the time-varying mean wind speed, UW, 

leads to the definition of a time-varying mean acceleration, aW, which 
may likewise be assumed to be associated with wind fluctuating com-
ponents that are highly coherent within the typical spatial scales of a 
considered structure. As could perhaps be expected, the spectra of aW 
show some energy content at higher frequencies than UW, a feature that 
might be taken into account in the design of structures subjected to 
thunderstorm winds, particularly when applying the quasi-steady 
approach. 

The Morison equation was then used to carry out an estimate of the 
acceleration-induced along-wind aerodynamic forces acting on a given 
slender body. The analysis showed that the contribution of the flow 
acceleration to the quasi-steady part of the load, per unit along-wing 
dimension of the body, is proportional to twice the ratio between the 
time-varying mean acceleration and the square value of the velocity. 
From the analysis of both single thunderstorm events and of a set of 15 
analogous signals, belonging to the database of the European Projects 
“Wind and Ports” and “Wind, Ports and Sea”, it was shown that this term 
has generally a limited influence on the total loads acting on a structure 
subjected to thunderstorm outflows. Indeed, its influence can be sig-
nificant only for low wind speeds, while for the higher ones (which are 
normally the design wind speeds) its relevance becomes almost negli-
gible. As a consequence, the contribution of the loads directly connected 
to the flow acceleration may be important only for bodies which are 
considerably elongated in the flow direction. 

The above-described results suggest that the time-varying mean ve-
locities and the corresponding accelerations might be sensibly used in a 
quasi-steady approach for the prediction of the aerodynamic loads 
acting on a body immersed in a thunderstorm flow. However, it should 
be reminded that also the aerodynamic force coefficients might be 
affected by the presence of a significant acceleration in the flow. Indeed, 
those coefficients are dependent on the configuration of the velocity and 

vorticity fields around a body and there is no clear evidence that sig-
nificant effects might not be generated by an accelerating incoming 
flow. For instance, the magnitude and the frequency of positive and 
negative accelerations might have a role in producing non-negligible 
interactions with the shedding of vortices in the wake. Furthermore, 
acceleration might also influence the characteristics of the separating 
boundary layers, and thus the geometry and dimensions of the wake 
recirculation regions or the occurrence and features of possible separa-
tion bubbles (e.g., Mariotti, 2018; Mariotti and Buresti, 2013). There-
fore, the use of values of the aerodynamic coefficients obtained in steady 
flows should be substantiated by data deriving from adequate experi-
mental and numerical investigations in realistic flow conditions. At 
present, these data are almost unavailable for the values of the numerous 
parameters characterizing highly non-stationary flows, like those typical 
of thunderstorm events; therefore, specific numerical and experimental 
investigations on this topic would be highly necessary. Finally, the sta-
tistical information gathered in the present work as concerns wind ac-
celerations and their effects might also represent a contribution to define 
meaningful similarity parameters for thunderstorm outflows. 
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the work reported in this paper. 
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