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A B S T R A C T   

This paper aims to provide a sensitivity analysis of the thunderstorm gust response factor. The study is based on 
the extension of the gust response factor technique to the assessment of the maximum dynamic response of 
structures to thunderstorm outflows, starting from an evolutionary spectral model of the thunderstorm wind 
speed. The thunderstorm evolutionary spectral model depends on the modulating function of the slowly-varying 
mean speed, which is a function of two parameters, i.e. the background mean wind speed and the duration of the 
intense phase of the outflow. Starting from 129 full-scale thunderstorm records, the parameters of three different 
analytical models of the modulating function are extracted and a statistical analysis is carried out defining their 
range of variation. The dependence of the gust response factor on the analytical expression of the modulating 
function is studied as well as its sensitivity to the parameters of the function. Results show that the dependence of 
the gust response factor on the analytical expression of the modulating function is negligible, while it is very 
sensitive to the variation of the background wind and duration of the intense phase, especially for flexible and 
lowly-damped systems.   

1. Introduction 

The occurrence of extra-tropical cyclones and thunderstorm down
bursts characterises the wind climate of several locations worldwide, 
threatening the durability and safety of the built environment. 

While codes and standards provide suitable tools for engineers to 
deal with the wind-resistant structural design related to extra-tropical 
cyclones (Solari, 1983, 1993; Zhou and Kareem, 2001), which are 
mainly based on the gust factor technique from Davenport (1967), 
thunderstorm winds still lack of a suitable approach for the estimate of 
the wind loading and dynamic response shared by the scientific com
munity. The growing desire to follow the consolidated approach for 
synoptic winds, eventually adapting the gust factor technique to thun
derstorm outflows, urged researchers to adopt advanced techniques and 
develop new methods to characterize the wind loading and the 
maximum dynamic response induced by thunderstorms (Kwon and 
Kareem, 2009, 2013, 2019; Solari, 2016; Solari et al., 2015b). 

In this framework, an Evolutionary Power Spectral Density (EPSD) 
model of thunderstorm outflows consistent with full-scale wind speed 
records was developed by Roncallo and Solari (2020). Two models for 
the modulating function of the slowly-varying mean wind speed were 

proposed, depending on two parameters with physical meaning: the 
background wind and the duration of the intense phase of the thun
derstorm. Successively, Roncallo et al. (2022) adopted the EPSD model 
to estimate the maximum dynamic response of linear SDOF systems 
through the Equivalent Parameters Technique (EPT) (Michaelov et al., 
2001), coherently with the approach proposed by Kwon and Kareem 
(2019) and accounting for the transient dynamic effects due to the 
nonstationary loading. The gust response factor for synoptic winds was 
thus generalized to the case of thunderstorm outflows and the results 
were validated against the mean reduced Thunderstorm Response 
Spectrum (TRS) (Solari et al., 2015c), confirming that neglecting the 
transient dynamic effects can be overconservative. 

Although the approach proposed in Roncallo et al. (2022) for the 
estimate of the maximum dynamic response shows a good agreement 
with the full scale records, it was validated assuming a couple of values 
of the parameters that allow to best trace the mean trend of the 
slowly-varying mean of the records available. The choice was justified 
by the aim of estimating the mean value of the maximum response, 
comparing the generalized gust response factor with the one derived 
from data in terms of mean reduced TRS. However, thunderstorms may 
be significantly different from one to another and hence the variation of 
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the parameters needs to be assessed, along with the investigation of the 
sensitivity of the gust response factor to such variation. This paper aims 
to address these problems by: investigating the sensitivity of the gust 
response factor to the analytical model chosen for the modulating 
function; defining the range of variation of the parameters of the 
modulating function through a statistical analysis starting from 
full-scale data; studying the tendency of the equivalent parameters 
varying the parameters and finally carrying out a sensitivity analysis of 
the gust response factor. 

2. Analytical formulation and statistical analysis of the 
parameters 

2.1. Analytical formulation 

Let us consider the non-directional wind speed v(t) provided by a 
thunderstorm outflow in a point in space, modelled as a uniformly 
modulated nonstationary random process (Roncallo and Solari, 2020): 

v(t)= vmaxγ(t)[1+ Ivṽ
′

(t)] (1)  

where t ∈
[
− Tmax

2 , Tmax
2
]

is the time, being Tmax = 600 s the thunderstorm 
duration, vmax and γ(t) are, respectively, the maximum value and the 
deterministic modulating function of the slowly-varying mean wind 
speed (Solari et al., 2015a), Iv the mean value of the turbulence intensity 
over Tmax and ṽ

′

(t) the so-called reduced turbulent fluctuation, dealt 
with as a zero-mean stationary Gaussian random process with unitary 
standard deviation. This latter is statistically characterized by its Power 
Spectral Density (PSD) S

ṽ
′ (n) modelled according to Solari and Piccardo 

(2001): 

S
ṽ
′ (n)=

1
n

6.868nLv/vmax

[1 + 10.302nLv/vmax]
5/3 (2)  

where n is the frequency and Lv the integral length scale (Roncallo and 
Solari, 2020; Zhang et al., 2018). 

Let us now consider a linear elastic SDOF system characterized by 
mass m, fundamental circular frequency ω0 = 2πn0 (being n0 the natural 
frequency and T0 = 1/n0 the natural period) and damping ratio ξ. The 
structure can be schematized as a point-like surface with area A 
perpendicular to the wind velocity direction and drag coefficient cD. 
Invoking the hypothesis of small turbulence and having defined x(t) the 
alongwind displacement, the maximum response can be expressed as 
(Roncallo et al., 2022): 

xmax =Gxxmax (3)  

where xmax and Gx are, respectively, the maximum value of the mean 
part of the response and the gust response factor in its generalized form 
for thunderstorm winds: 

xmax =
ρv2

maxAcD

2m(2πn0)
2 (4)  

Gx = 1 + 2Ivgx
(
ν

x̃
′ T̃eq

)
J̃C (5)  

with gx the Davenport peak factor (Davenport, 1964), ν
x̃
′ the expected 

frequency, T̃eq the non-dimensional equivalent period, J̃ the 
non-dimensional standard deviation of the dynamic response to the 
stationary part of the turbulence and C the normalized non-dimensional 
equivalent standard deviation (Roncallo et al., 2022). They are defined 
in non-dimensional form as follows: 

ν
x̃
′ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c
11,x̃

′ (̃t0)

c
00,x̃

′ (̃t0)

√
√
√
√
√ (6)  

T̃eq =

∫+
T̃max

2

−
T̃max

2

exp

[

4 −
4(2Iv)

2J̃
2
C

2

c
00,x̃

′ (̃t)

]

d̃t (7)  

J̃
2
=

∫+∞

0

|H̃(ñ)|2S̃
ṽ
′ (ñ)dñ (8)  

C
2
=

1

(2Iv)
2J̃

2

∫+
T̃max

2

−
T̃max

2

c5

00,x̃
′ (̃t)d̃t

∫+
T̃max

2

−
T̃max

2

c4

00,x̃
′ (̃t)d̃t

(9)  

where ̃t0 (Eq. (6)) is the non-dimensional time instant where c
00,x̃

′ (̃t) is 

maximum (Roncallo et al., 2022), S̃
ṽ
′ (ñ) = n0S

ṽ
′ (ñ) (Eq. (8)). Further

more, in Eqs. (6), (7) and (9) c
00,x̃

′ (̃t) and c
11,x̃

′ (̃t) are the 

non-dimensional Non-Geometrical Spectral Moments (NGSMs) of the 
non-dimensional fluctuating part of the response: 

c
00,x̃

′ (̃t) = (2Iv)
2
∫+∞

0

|Z̃(ñ, t̃)|2S̃
ṽ
′ (ñ)dñ (10)  

c
11,x̃

′ (̃t) = (2Iv)
2
∫+∞

0

|
˙̃Z(ñ, t̃)|2S̃

ṽ
′ (ñ)dñ (11)  

where Z̃(ñ, t̃) is the non-dimensional Evolutionary Frequency Response 
Function (EFRF) defined as: 

Z̃(ñ, t̃) =
∫t̃

−
T̃max

2

h̃(̃t − τ̃)e− i2πñ (̃t− τ̃)γ2 (̃τ)dτ̃ (12)  

with h̃(̃t) the dimensionless impulse response function: 

h̃(̃t)=
1

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ e− ξ2π̃t sin
(

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ξ2
√

t̃
)

H (̃t) (13)  

being H (̃t) the Heaviside function. 
Furthermore, in Eq. (8) H̃(ñ) is the non-dimensional complex fre

quency response function: 

H̃(ñ)=
1

1 − ñ2
+ 2iξñ

(14)  

with i the imaginary unit. 
In Eqs. 6–13 the quantities t̃, ñ, T̃max and x̃

′

are non-dimensional 
parameters defined as follows: 

n∼ =
n
n0
; t

∼

=
t

T0
; T

∼

max =
Tmax

T0
; T

∼

eq =
Teq

T0
; x∼

’
(t) =

x’(t)
xmax

(15)  

being Teq the equivalent period and x′ the fluctuating part of the 
displacement. 

Following the Simplified method defined in Roncallo et al. (2022), 
which corresponds to the assumption of long pulse duration by Kwon 
and Kareem (2019, 2009), Eqs. (7) and (9) take the following form: 

L. Roncallo and F. Tubino                                                                                                                                                                                                                    



Journal of Wind Engineering & Industrial Aerodynamics 236 (2023) 105376

3

T̃eq,γ =

∫+
T̃max

2

−
T̃max

2

exp

[

4 −
4C

2
γ

γ4 (̃t)

]

d̃t (16)  

C
2
γ =

∫+
T̃max

2

−
T̃max

2

[
γ4 (̃t)

]5d̃t

∫+
T̃max

2

−
T̃max

2

[
γ4 (̃t)

]4d̃t

(17) 

From Eqs. (16) and (17) it can be deduced that in this particular case 
the equivalent parameters depend solely on the modulating function γ(̃t)
and not on the mechanical properties of the system. 

The estimate of the equivalent parameters (Eq. (7) and (9)) and 
hence of the gust response factor (Eq. (5)) is strictly related to the 
modulating function of the slowly-varying mean wind speed γ(t) and its 
modelling. This aspect constitutes the major difference in the evaluation 
of the gust response factor for thunderstorm winds compared to synoptic 
ones. 

2.2. Modulating functions models 

In the literature, different models for the modulating function γ(t) of 
the slowly-varying mean wind speed of thunderstorm outflows have 
been proposed (e.g. Abd-Elaal et al., 2013; Chay et al., 2006; Holmes and 
Oliver, 2000; Kwon and Kareem, 2009; Ponte and Riera, 2010), which 
are often based on few or even on a single thunderstorm record. 
Recently, Roncallo and Solari (2020) proposed two models based on a 
large number of real-scale records of thunderstorm outflows: 

γ(t) =
1 − γ*

[
1 +

(
t
T

)2
]1

2
+ γ* Model (I) (18)  

γ(t) = (1 − γ*)exp
{

−
( t

T

)2
}

+ γ* Model (II) (19)  

where the parameters γ* and T are, respectively, a measure of the in
tensity of the background wind speed with respect to the maximum 
mean wind speed of the thunderstorm outflow, i.e. the mean wind speed 
observed outside the intense phase of the outflow, and a measure of the 
duration of its intense phase (Roncallo and Solari, 2020), which can be 
defined as the time interval in which the ramp-up and rump-down of the 
thunderstorm wind speed occur (Solari et al., 2015a). 

Both Eqs. (18) and (19) do not allow the derivation of an analytical 
solution of the EFRF (Eq. (12)) suitable for reducing the computational 
burden of the calculation of the equivalent parameters and gust response 
factor. For this reason, an alternative function is introduced here, similar 
to the one adopted by Le and Caracoglia (2017), defined as follows: 

γ(t) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1 − γ*

2

[

cos
(

2πt
T

)

+ 1
]

+ γ*, |t| <
T
2

γ*, |t| ≥
T
2

Model (III) (20) 

By adopting the model in Eq. (20) it is possible to derive a closed- 
form solution for the EFRF as reported in Appendix I. Despite its 
complicated appearance, this solution can be easily implemented in 
numerical programs, drastically reducing the computational time 
required for the numerical estimate of the EFRF. 

It is worth noticing that, in principle, the parameters γ* and T are 
bounded between 0 and 1 and 0 and Tmax respectively. However, it is 

clear that the case γ* = 0 and T = 0 s describes an unrealistic scenario, 
where the downburst is occurring in absolute absence of background 
wind and the duration of the intense phase is so short that is instanta
neous. Instead, the case γ* = 1 describes exactly the synoptic event in 
which there is no modulation in the slowly-varying mean wind speed 
(and in the turbulence) but it is constant within 10 min, hence returning 
to the stationary case. 

2.2.1. Mean trend of the modulating functions 
The modulating functions in Eqs. 18–20 are strictly related to the 

choice of the couple of parameters γ* and T. In a previous study, Ron
callo and Solari (2020) outlined the trends of these parameters on 
varying the confidence levels of the ensemble of the modulating function 
records extracted from 129 thunderstorm time histories by means of a 
moving average technique over 30 s. The records were collected in 
full-scale in four different ports in the High Tyrrenian sea, i.e. Genoa, La 
Spezia, Savona and Livorno (Roncallo and Solari, 2020; Solari et al., 
2012; Zhang et al., 2018). Starting from the same database, a statistical 
analysis on the parameters γ* and T is carried out in this study. The 
values of the couple of parameters γ* and T are investigated by fitting the 
mean trend of the 129 modulating function γ(t), extracted from the 
thunderstorm records (Romanic et al., 2020; Roncallo and Solari, 2020), 
employing the models in Eqs. 18–20. 

Fig. 1 plots the fitting performed by the three models in Eqs. 18–20 
and the ensemble trend of the functions γ(t) extracted from the data. 
Table 1 reports the parameters γ* and T corresponding to the fitting in 
Fig. 1. 

Fig. 1 shows that model I furnishes an accurate representation of the 
mean trend while models II and III are more approximated ones. 
Moreover, it can be observed that while the values assumed by the 
parameter γ* are similar for the three models, the parameter T related to 
model III results significantly greater than the ones from models I and II. 
Indeed, although it retains the same physical meaning within all the 
three models in Eqs. 18–20, in the case of Eq. (20), according to the 
analytical model of the function in piecewise form, it specifies the 
duration of the interval in which γ(t) ≥ γ*. 

Fig. 1. Comparison of the models of the modulating function γ: Eq. (18) model 
I; Eq. (19) model II; Eq. (20) model III. 

Table 1 
Parameters γ* and T extracted by fitting the mean trend of the function γ(t) with 
models I, II and III.  

Model I (Eq. (18)) II (Eq. (19)) III (Eq. (20)) 

γ* 0.447 0.538 0.545 
T [s] 26.459 51.344 169.805  
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For sake of completeness, the same analyses were carried out port by 
port in order to investigate the possible differences between the thun
derstorms collected in different locations and results are very similar to 
the ones obtained from the whole database. Therefore, it was concluded 
that no significant advantages are provided by carrying out separated 
analysis per each location and only results for the complete database are 
reported here. However, it is worth noticing that the locations consid
ered are coastal areas and thus similar from an orographic point of view. 
Different values of the parameters γ* and T may be found in regions 
characterized by a different morphology. 

2.2.2. Variability of the parameters 
In view of the differences between the wind speed records produced 

by one thunderstorm and another, the trends of the modulating func
tions of the associated slowly-varying mean wind speed may be, in 
general, different, as shown by the ensemble in Fig. 1. Therefore, 
different values of the parameters γ* and T provide the best fit to each 
sample function. 

For this reason, an analysis on the range of variation of the quantities 
γ* and T is carried out, starting from the estimate of the parameters from 
each of the 129 records of the modulating function. As an example, Fig. 2 
shows two samples of the modulating function extracted from the 
database fitted by the three analytical models. 

It is observed that, differently from the mean trends previously dis
cussed, models II and III (Eqs. 19 and 20) give a better fitting of the peak, 
especially when the duration of the intense phase is shorter (Fig. 2b). 
Instead, when the peak is sharper (Fig. 2a), model I gives a better rep
resentation compared to models II and III. Moreover, the regions outside 
the peak are well represented by all the three models. Although the 
models provide overall good fits of the samples available, in few cases 
they were not able to properly represent the functions extracted from the 
data. In these cases the obtained parameters γ* and T where considered 
not reliable and were not included in the analyses. Figs. 3–5 plot the 
couples of the parameters γ* and T obtained from the fittings by the three 
analytical models along with their estimated pdfs. 

From Figs. 3b–5b it can be observed that no particular trends are 
detected for the parameters γ* and T, being distributed like a cloud 
especially for models II and III (Figs. 4b and 5b). This is confirmed by 
Table 2, reporting the correlation coefficient ργ* ,T between γ* and T, 
showing a weak correlation between the two parameters for all the three 
models. 

By fixing the levels of non-exceeding probability of 10% and 90%, a 
representative range of variability of the parameters γ* and T can be 
defined, which is reported in Table 3 for the three models in Eqs. 18–20 
along with their mean value and the coefficient of variation (c.o.v). 

Overall, these results are in accordance with the values derived from 
the mean trend of the modulating function γ(t) in Table 1. Moreover, 
observing the values of the c.o.v. of the two parameters, it can be 
deduced that the parameter T results quite dispersed if compared with 
γ*. It is worth to notice that, although the parameter T is proportional to 
the duration of the intense phase of the outflow, its definition is a 
delicate aspect (Solari et al., 2015a). In view of the different analytical 
expression of the models, different values of the parameter T associated 
to different models can correspond to the same duration of the intense 
phase. 

3. Gust factor sensitivity to the modulating function 

In this Section, the sensitivity of the gust response factor to the 
analytical model adopted for the modulating function γ(t) is studied by 
comparing Eq. (5), evaluated for a set of SDOF systems with n0∊[0.05,3]
Hz and ξ∊[0.2%, 5%], employing the three models in Eqs. 18–20 and 
setting the couples of parameters γ* and T in order to best trace the mean 
trend of the modulating function γ(t) (Section 2.2.1, Table 1). 

The comparison between the gust response factors evaluated 
employing the three models of the function γ(t) is reported in Fig. 6, 
following the Rigorous (Eq. (7) and (9), Fig. 6a) and Simplified method 
(Eq. (16) and (17), Fig. 6b), respectively. 

Fig. 6 shows that models II and III (Eqs. 19 and 20) furnish identical 
values of the gust response factor for both the Rigorous and Simplified 
methods, as expected in view of the similarity between the two modu
lating functions. However, models II and III (Eq. (19) and (20)) give 
values of the gust response factor slightly higher than the ones furnished 
by model I (Eq. (18)), especially for lowly-damped systems. However, 
Fig. 6 shows that the gust response factor is not much affected by the 
shape of the modulating function, being the differences between the gust 
response factor evaluated employing a model or another not so signifi
cant. This is an important result since it allows to adopt only one model 
among the three proposed to carry out the study without affecting the 
results from both a qualitative and quantitative point of view, provided 
that the parameters γ* and T are properly fixed. Therefore, since for 
model III an analytical solution for the EFRF is derived (Appendix I) 
which drastically reduces the computational burden of the gust response 
factor evaluation, the next analyses are carried out assuming model III 
(Eq. (20)) for γ(t). 

4. General tendencies of the equivalent parameters 

In this Section the general tendencies of the equivalent parameters C 

and T̃eq with γ* and T are portrayed and discussed. The analyses are 

Fig. 2. Samples of the modulating function extracted from the database fitted by the analytical models in Eqs. 18–20.  
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carried out employing model III, introducing the following non- 
dimensional quantities: 

T̃ =
T
T0
; T =

T
Tmax

(21)  

where T̃ is duration of the intense phase of the outflow normalized with 
the fundamental period of the structure and plays the role of a non- 
dimensional fundamental frequency whereas T is the duration of the 
intense phase with respect to the whole duration of the phenomenon 
Tmax. According to the definition in Eq. (15), it follows that T̃max =

Tmax/T0 = T̃/T . It is important to point out that, while T is strictly a 
property of the wind speed of the thunderstorm, ̃T relates the duration of 
the intense phase of the thunderstorm with a mechanical property of the 
dynamical system. 

At first, the equivalent parameters obtained for the Simplified 
method are portrayed. Fig. 7 plots the parameters C 2

γ and T̃eq,γ (Eqs. 16 

and 17), this latter normalized with T̃max, as functions of γ* and for 
different values of T = [1 /6,1 /4,1 /2] in accordance with the results 
reported for the parameter T in Table 3. 

It can be observed that the dependence of C 2
γ on T becomes more 

relevant in a neighbourhood of γ* = 0.85 (Fig. 7a). Instead, T̃eq,γ 

(Fig. 7b) shows a more significant dependence on T when γ* ≤ 0.8. It is 
important to notice that for γ*→1 the parameter C 2

γ collapses to unity 

while T̃eq,γ→T̃max, leading to the case of a stationary wind. Moreover, it 
can be observed that C 2

γ ≤ 1 and T̃eq,γ ≤ T̃max for all values of γ*. These 
results highlight how, due to the presence of the modulating function – i. 
e. the non-stationarity – of the loading, the standard deviation of the 
alongwind response results lower than the one of the stationary case 
(C 2

γ = 1). At the same time, the temporal interval over which the 
maximum value of the response is expected is significantly reduced. 
Indeed, for γ* ≤ 0.8 the parameter T̃eq,γ shows more than the 70% of 
reduction compared to T̃max. These behaviours are more pronounced the 
more T decreases. 

When the rigorous formulation is adopted, the non-dimensional 
equivalent parameters C

2 and T̃eq (Eq. (7) and (9)) are also function 
of the mechanical properties of the system, i.e. damping ratio ξ and T̃ 
(Eq. (21)). Fig. 8 plots the trends of the parameters C 2 and ̃Teq (red solid 
lines) for different values of T̃ and ξ and for a fixed value of T = 1/4, 
along with the corresponding parameters C

2
γ and T̃eq,γ from the 

Simplified method (black dashed lines) for comparison. 
It can be observed that C 2

γ and T̃eq,γ are, respectively, an upper and 

lower bound for C 2 and T̃eq that are reached for high values of T̃ and ξ 
(Fig. 8e and f). For lower values of T̃ and ξ (Fig. 8a and b) the tendencies 
of both the parameters C 2 and T̃eq change significantly with respect to 
the ones estimated adopting the simplified formulation. 

Fig. 3. Values of the parameters γ* and T extracted from the time-histories employing model I in Eq. (18): (a) pdf of T; (b) couples of γ* and T extracted from each 
time-history; (c) pdf of γ*. 
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These tendencies have a physical interpretation. When T̃ is high 
(Fig. 8e and f), the dynamic effects of the modulating function are 
negligible, instead when T̃ is low (Fig. 8c and d), they are dominant and 
reduce the variance of the response. Moreover, when T̃ is very low 
(Fig. 8a and b) it means that the duration of the intense phase of the 
thunderstorm is extremely short compared with the fundamental period 
and hence the non-stationarity of the loading is not perceived by the 
structure. In this limit case the modulating function collapses to γ*4 

and, 
as a result (Fig. 8a) C 2→γ*4 , consequently it is reasonable to expect that 
T̃eq/T̃max→1. This can be demonstrated by substituting C

2 = γ*4 and 

c
00,x̃

′ (̃t) = (2Iv)
2J̃

2
γ*4 

in Eq. (7). 

5. Gust response factor sensitivity to the modulating function 
parameters 

In this Section, a sensitivity analysis is carried out directly focusing 
on the gust response factor by varying the parameters γ* and T , aiming 
to investigate how the effects outlined in Section 4 on the equivalent 
parameters play out when combined together. Therefore, according to 
the results reported in Table 3, the values γ* = [0.3,0.5, 0.7] and T =

[1 /6,1 /4,1 /2] are considered in this analysis. 
Fig. 9 plots the tendencies of the gust response factor evaluated with 

both the Simplified and Rigorous method (dashed and solid lines, 
respectively), for different fundamental frequencies and damping ratios, 

varying the parameters γ* and T . In particular Fig. 9a,c and e plot the 
tendencies of the gust response factor fixing the parameter γ* = 0.5 and 
varying T whilst Fig. 9b,d and f plot the same tendencies fixing T = 1/
4 and varying γ*. 

Firstly, it can be observed that, for all the damping ratios and 
following either the Rigorous or the Simplified method, on increasing γ* 

or T the gust response factor increases. Moreover, the variations due to 
both γ* and T are more significant when the damping ratio and the 
fundamental frequency are low (Fig. 9a and b), while for highly damped 
and stiffer systems the role of the two parameters is negligible (Fig. 9e 
and f). 

Another important aspect is the different behaviour portrayed for the 
Rigorous and Simplified method. When adopting the Simplified method, 
the variation of the gust response factor with both T and γ* is regular, 
with the curves that remain very similar from a qualitative point of view. 
Moreover, it can be observed that the gust response factor estimated 
with the Simplified method is not so sensitive to the parameter γ* also for 
the case of lowly-damped and flexible systems while it is more sensible 
to the variation of T as pointed out in Fig. 9a and b. On the other hand, 
the tendencies portrayed by the Rigorous method are more affected by 
the variation of the parameters γ* and T . As an example, it can be 
observed in Fig. 9a and b how for a system with n0 = 0.2 Hz the gust 
response factor shows a increase of about 34% (Figs. 9a) and 37% 
(Fig. 9b) moving from T = 1/6 to T = 1/2 and γ* = 0.3 to γ* = 0.7 
respectively. Moreover, the maximum of Gx moves towards the region of 
lower fundamental frequencies by increasing γ* or T , tending to the 

Fig. 4. Values of the parameters γ* and T extracted from the time-histories employing model II in Eq. (19): (a) pdf of T; (b) couples of γ* and T extracted from each 
time-history; (c) pdf of γ*. 
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curves related to the Simplified method. This is due to the fact that by 
increasing γ* or T the loading condition tends to be stationary, inhib
iting the dynamic effects due to the modulating function. In these cir
cumstances, the adoption of the Simplified method becomes more 
reliable since the two methods furnish almost the same values of gust 

response factor. It is worth noticing that for γ* = 1 – i.e. stationary wind 
with γ(t) = 1 (Eqs. 18–20) – the gust response factor from Davenport 
(1967) is found as a particular case. 

On the basis of these results two main aspects are worth to be 
mentioned. Firstly, the variation of the two parameters γ* and T is, in 
general, non-negligible for an accurate estimation of the gust response 
factor due to thunderstorm outflows, therefore their role needs to be 
accounted in the derivation of the equivalent parameters. It can be 
neglected only when the system is stiff and highly damped. Secondly, it 
can be deduced that assuming γ* = 0 (i.e. neglecting the role of the 
background wind as proposed by other models in literature) leads to 
lower values of the gust response factor and hence it may not be con
servative from a design perspective. This assumption may be reliable for 
the Simplified method since in that case the gust response factor is not 
that affected by the variation of γ*. Nevertheless, such approach be
comes overconservative when the system is flexible and lowly-damped 
(Fig. 9a and b) (Roncallo et al., 2022). 

6. Final remarks and some prospects 

The present study investigated the tendencies and sensitivity of the 
thunderstorm gust response factor to the analytical model adopted for 
the modulating function of the slowly-varying mean wind speed and its 
characteristic parameters, according to the EPSD model developed by 
Roncallo and Solari (2020). 

Fig. 5. Values of the parameters γ* and T extracted from the time-histories employing model III in Eq. (20): (a) pdf of T; (b) couples of γ* and T extracted from each 
time-history; (c) pdf of γ*. 

Table 2 
Correlation coefficient ργ* ,T between γ* and T.  

Model I II III 

ργ* ,T − 0.465 − 0.383 − 0.309  

Table 3 
Range of variability of the parameters γ* and T levels of non-exceeding proba
bility of 90% and 10%; mean values 〈γ*〉 and 〈T〉 and coefficient of variation (c.o. 
v).  

Model I II III 

γ* 0.25–0.60 0.36–0.65 0.37–0.65 
〈γ*〉 0.432 0.514 0.522 
c.o.v.(γ*) 0.326 0.230 0.215 
T [s] 11.24–52.66 28.15–100.45 97.22–343.59 
〈T〉 [s] 28.940 57.960 196.463 
c.o.v.(T) 0.679 0.583 0.579  
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The statistical analysis carried out has shown, on the one hand, a 
negligible correlation between the parameters of the modulating func
tion models and, on the other hand, a significant variation of these 
quantities. Therefore, a suitable range of variation has been defined for 
both the background wind speed and the duration of the intense phase of 
the thunderstorm outflow. 

The sensitivity of the gust response factor to the modulating function 
of the wind speed has shown that very similar trends are obtained 
employing the different models proposed. In light of this result, for the 
successive analysis a newly proposed model, called model III, has been 
adopted, which allows for an analytical solution of the EFRF, that has 
been derived and employed in the sensitivity analysis to reduce the 
computational burden. 

The analysis pointed out that the gust response factor is sensitive to 
the variation of the two parameters of the modulating function. In 

particular, the gust response factor increases by increasing the back
ground wind or the duration of the intense phase. Furthermore, the gust 
response factor evaluated with the Rigorous method tends to the one 
derived with the Simplified method (i.e. neglecting the transient dy
namic effects) when the structure is highly damped and stiff and on 
increasing the two parameters of the modulating function. These results 
proved that the choice of the two parameters becomes more delicate the 
more the structure is lowly damped and flexible. Moreover, it has been 
observed that the gust response factor for stationary winds figures as a 
particular case of the generalized formulation proposed for thunder
storm outflows. 

In view of the obtained results, the role of the two parameters of the 
slowly-varying mean wind speed, along with the transient dynamic ef
fects, cannot be neglected especially for flexible and lowly-damped 
systems. 

Fig. 6. Gust factor of the dynamic response derived employing model I (Eq. (18) red lines), model II (Eq. (19) green lines) and model III (Eq (20) blue lines): Rigorous 
method (a); Simplified method (b). 

Fig. 7. Trends of the parameters C 2
γ and T̃eq,γ versus γ* for different values of T .  
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Fig. 8. Trends of the parameters C 2 and T̃eq for different values of T̃ and damping ratio ξ (T = 1/4): a,b) T̃ = 7.5; c,d) T̃ = 75; e,f) T̃ = 450.  
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Despite the availability of a closed-form solution for the EFRF, the 
generalized gust response factor based on the proposed formulation can 
be estimated only numerically. In order to simplify its derivation for 
practical engineering calculations it is advisable to search approximated 
closed-form solutions able to account for the transient dynamic effects, 
the role of the background wind and duration of the intense phase of the 
outflow. 
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Appendix I. A Closed-Form solution for the Evolutionary Frequency Response Function 

A closed-form solution for the EFRF (Eq. (12)) is proposed using the model for the modulating function γ(t) in Eq. (20). The solution is searched in 
non-dimensional form using the dimensionless parameters defined in Eqs. (15) and (21). 

Starting from the definition of the EFRF in Eq. (12), the lower integration limit can be extended to − ∞ by imposing T̃max→ + ∞ as follows: 

Z̃(ñ, t̃)=
∫t̃

− ∞

h̃(̃t − τ̃)e− i2πñ (̃t− τ̃)γ2 (̃τ)dτ̃ (22) 

Substituting Eq. (20) in Eq. (22), after very simple algebra, it leads to the following conditional non-dimensional function: 

Z
∼(

n∼, t
∼)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

γ*2
∫t
∼

− ∞

h
∼(

t
∼

− τ∼
)
e− i2πn∼( t

∼
− τ∼)dτ∼, t

∼

< −
T
∼

2

γ*2
∫t
∼

−
T
∼

2

h
∼(

t
∼
− τ∼

)
e− i2πn∼( t

∼
− τ∼)dτ∼ +

∫t
∼

−
T
∼

2

h
∼(

t
∼
− τ∼

)
e− i2πn∼( t

∼
− τ∼)γc(τ

∼
)dτ∼, −

T
∼

2
≤ t

∼
≤

T
∼

2

∫
T
∼

2

−
T
∼

2

h
∼(

t
∼
− τ∼

)
e− i2πn∼( t

∼
− τ∼)γc(τ

∼
)dτ∼ + γ*2

∫

T
∼

2

+∞ h
∼(

t
∼
− τ∼

)
e− i2πn∼( t

∼
− τ∼)dτ∼, t

∼
>

T
∼

2

(23)  

where: 

γc (̃τ)=
{

1 − γ*

2

[

cos
(

2πτ̃
T̃

)

+ 1
]

+ γ*
}2

− γ*2 (24) 

Eq. (23) can be rewritten as: 

Z̃(ñ, t̃)= γ*2
∫+∞

− ∞

h̃(̃t − τ̃)e− i2πñ(̃t− τ̃)dτ̃ +

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, t̃ < −
T̃
2

∫t̃

−
T̃
2

h̃(̃t − τ̃)e− i2πñ(̃t− τ̃)γc (̃τ)dτ̃, −
T̃
2
≤ t̃ ≤

T̃
2

∫
T̃
2

−
T̃
2

h̃(̃t − τ̃)e− i2πñ(̃t− τ̃)γc (̃τ)dτ̃, t̃ >
T̃
2

(25)  

where the first integral is the transfer function in Eq. (14). This leads to the following expression for the EFRF: 

Z̃(ñ, t̃)= γ*2H̃(ñ) + Z̃0(ñ, t̃) (26)  

with: 

Z̃0(ñ, t̃) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0, t̃ < −
T̃
2

Z̃T(ñ, t̃), −
T̃
2
≤ t̃ ≤

T̃
2

Z̃r(ñ, t̃), t̃ >
T̃
2

(27) 
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where, substituting Eq. (24) in Eq. (25), the functions Z̃T(ñ, t̃) and Z̃r(ñ, t̃) read: 

Z̃T(ñ, t̃) =
∫t̃

− T̃
2

h̃(̃t − τ̃)e− i2πñ(̃t− τ̃)

{
(1 − γ*)

2

4

[

cos
(

2πτ̃
T̃

)

+ 1
]2

+ γ*(1 − γ*)

[

cos
(

2πτ̃
T̃

)

+ 1
]}

dτ̃ (28)  

Z̃r(ñ, t̃) =
∫

T̃
2

− T̃
2

h̃(̃t − τ̃)e− i2πñ(̃t− τ̃)

{
(1 − γ*)

2

4

[

cos
(

2πτ̃
T̃

)

+ 1
]2

+ γ*(1 − γ*)

[

cos
(

2πτ̃
T̃

)

+ 1
]}

dτ̃ (29) 

The integrals in Eqs. (28) and (29) can be analytically solved and they read: 

Z̃T(ñ, t̃) =
∑4

j=0
cjZ̃T,j(ñ, t̃) (30)  

Z̃r(ñ, t̃) =
∑4

j=0
cjZ̃r,j(ñ, t̃) (31)  

where: 

cj = 2− 2|j− 2|( 1 − γ3− |j− 2|
*

)|j− 2|
− δ2j

[
5
8
(γ* − 1)

(

γ* +
3
5

)

+ 1
]

(32)  

Z̃T,j(ñ, t̃) =
(

λπ − 2πT̃
̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ξ2
√ ) exp

[
− πT̃

(
2̃t
T̃
+ 1

)
(iñ + ξ)

]
cos

[
λπ
2 − πT̃

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2̃t
T̃
+ 1

)]
− cos

(
λπ̃t
T̃

)

̅̅̅̅̅̅̅
1− ξ2

√

2π̃T

(
λ2π2 − 4λπ2T̃

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√
+ 4π2 T̃

2

H̃(̃n)

)

+ 2πT̃(iñ+ ξ)
exp

[
− πT̃

(
2̃t
T̃
+ 1

)
(iñ + ξ)

]
sen

[
λπ
2 − πT̃

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2̃t
T̃
+ 1

)]
+ sen

(
λπ̃t
T̃

)

̅̅̅̅̅̅̅
1− ξ2

√

2π̃T

(
λ2π2 − 4λπ2T̃

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√
+ 4π2 T̃

2

H̃(̃n)

) (33)  

Z
∼

r,j
(
n∼, t

∼)
=

(
λπ − 2πT

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ )

exp
[
πT
∼
(

2 t
∼

T
∼ + 1

)
(in

∼
+ ξ)

]
exp

[
− 2πT

∼

(in
∼
+ ξ)

]
cos

[
λπ
2 − πT

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2 t
∼

T
∼ + 1

) ]
− cos

[
λπ
2 + πT

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2 t
∼

T
∼ − 1

) ]

̅̅̅̅̅̅̅
1− ξ2

√

2πT
∼

(
λ2π2 − 4λπ2T

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√
+ 4π2T

∼2

H
∼
(n∼)

)

+
2πT

∼

(in
∼
+ ξ)

exp
[
πT
∼
(

2 t
∼

T
∼ + 1

)
(in

∼
+ ξ)

]
exp

[
− 2πT

∼

(in
∼
+ ξ)

]
sen

[
λπ
2 − πT

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2 t
∼

T
∼ + 1

) ]
+ sen

[
λπ
2 + πT

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√ (
2 t
∼

T
∼ − 1

) ]

̅̅̅̅̅̅̅
1− ξ2

√

2πT
∼

(
λ2π2 − 4λπ2T

∼ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√
+ 4π2T

∼2

H
∼
(n
∼
)

) (34)  

with δ2j the Kronecker’s delta and λ = 2(j − 2). Note that if γ* = 1 cj = 0 ∀j leading to: 

Z̃(ñ, t̃)= H̃(ñ) (35)  
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