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Abstract: This study examines the maximum alongwind dynamic response of slender vertical
structures subjected to thunderstorms, comparing the induced maximum response with the one
induced via synoptic events. Two real structures are considered as case studies: a lighting pole and a
telecommunications tower. The comparison between thunderstorm- and synoptic-induced dynamic
responses is performed through a critical analysis of three ratios characterizing the difference between
the two phenomena: the reference wind speed, the mean wind profile, and the gust response factor.
The comparison shows that the definition of the reference wind speed and the height of the nose
tip of the thunderstorm mean wind profile are crucial for the maximum response, as well as for the
dependence of the turbulence intensity on the roughness length. The results show that thunderstorms
provide the design loading condition in most cases.

Keywords: thunderstorm outflows; extra-tropical cyclones; gust response factor; vertical slender
structures; wind engineering

1. Introduction

Slender vertical structures are sensitive to wind, which usually represents their design
loading condition [1] and can induce fatigue-related collapses [2]. While their assessment
under stationary wind conditions, such as extra-tropical cyclones, is nowadays consolidated
in codes and standards, their reliability under nonstationary conditions caused via thunder-
storm outflows is still a matter of research. As shown via meteorological observations [3],
experimental measurements in laboratories [4], full-scale analyses of collected wind speed
time histories [5], and their comparison with stationary boundary layer winds [6], thun-
derstorm outflow is characterized via a nose-shaped vertical mean velocity profile and
nonstationary turbulent fluctuation. Therefore, most of the models and approaches avail-
able for synoptic winds are unsuitable for their representation. In addition, the reference
wind velocity provided by codes is currently defined according to statistical analyses that
do not distinguish between extra-tropical cyclones and thunderstorms [7]. Indeed, the
wind velocities provided by synoptic winds and thunderstorm outflows are characterized
by different extreme distributions [8]; in thunderstorm-prone areas, high return period
thunderstorm wind speeds can be higher than those corresponding to extra-tropical cy-
clones, as pointed out by Solari [9] and demonstrated by Zhang et al. [10], who carried
out statistical analyses on thunderstorm time histories collected in the High Tyrrhenian
Sea. Considering that synoptic winds provide higher wind speeds at greater heights and
thunderstorms at lower ones, not only can mid-low structures be under-designed, but
taller buildings can be over-designed to wind actions. As a result, since current codes and
standards lack a reliable and handy approach for downburst-resistant structural design,
the resistance and durability of mid-low structures can be put at risk by the occurrence of
such extreme wind conditions, as pointed out by Letchford et al. [11] and investigated by
Fu et al. [12], who studied the collapse of transmission towers.
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During the last few decades, with the aim of providing engineers with suitable tools
to predict the wind loading and maximum structural response to thunderstorms, different
approaches were adopted, which can be gathered into two main families: time domain
analysis (TDA) and time–frequency domain approaches. Time domain analysis consists
of the evaluation of the dynamic response starting from wind velocity time histories that
have been recorded full scale [13], simulated in moving jet wind tunnels [14], or simulated
numerically starting from suitable statistical models of the wind speed. In particular,
Solari et al. [15] proposed a hybrid simulation technique to generate thunderstorm time
histories, subsequently adopted by Solari and De Gaetano [16], which consists of the joint
usage of Monte Carlo simulations and wind speed data collected at full scale. Although
they represent a reliable method, they can be time-consuming, and their use is restricted
by the limited set of available full-scale thunderstorm records. Starting from a wide set of
thunderstorm records, the thunderstorm response spectrum (TRS) technique was proposed
by Solari et al. for single-degree-of-freedom (SDOF) systems [17], which was subsequently
extended by Solari for multi-degree-of-freedom (MDOF) systems [18], in analogy to the
widely adopted earthquake response spectrum [19]. Despite its simple conceptualization
and its reliability being based on a significant amount of data, the usage of the TRS
approach lacks handiness due to the absence of analytical formulations and its reliance
on charts. Time–frequency domain analysis makes use of advanced models such as the
evolutionary power spectral density (EPSD) to account for the nonstationary characteristics
of a thunderstorm outflow. In this framework, Roncallo and Solari [20] recently proposed
an EPSD model for thunderstorms based on a large number of full-scale records, while
Kareem et al. [21] adopted the EPSD to generalize the wind loading chain approach from
stationary winds to thunderstorms. Based on such models, the gust factor technique from
Davenport [22] was generalized to nonstationary winds by Kwon and Kareem [23], who
introduced suitable equivalent parameters, and subsequently, Roncallo et al. [13] removed
the hypothesis of long-pulse duration. More recently, closed-form solutions to simplify
its application from a design perspective were proposed by Kwon and Kareem [24] under
the hypothesis of long-pulse duration. Subsequently, Roncallo and Tubino [25] proposed
a new closed-form solution that accounts for the transient dynamic effects of both the
nonstationary response and the presence of a background wind. Although this approach is
surely convenient and user-friendly, it has the shortcoming of being slightly conservative
when the system becomes flexible and low-damped. Moreover, the closed-form solution
proposed by Roncallo and Tubino [25], which accounts for the thunderstorm wind speed
parameters and the transient effects in the dynamic response, was developed for SDOF
systems, and its reliability when applied to MDOF systems needs to be assessed.

In this framework, this study aims to address these shortcomings by pursuing two
main objectives: the extension of the Thunderstorm Gust Response Factor (TGRF) technique
to the analysis of vertical structures, assessing its reliability, and the comparison between
the maximum dynamic response due to thunderstorms and synoptic events. The extension
of the TGRF technique to the case of slender vertical structures is pursued by accounting
for the variation in the mean wind speed with the height, and for the partial correlation
of the turbulent fluctuations along the structure. A suitable model from the literature
is introduced to describe the vertical profile of the mean wind speed, while the partial
correlation is accounted for through the coherence function from stationary winds, which
is suitably adapted to the thunderstorm case as proposed by Solari [18]. Subsequently, the
reliability of the TGRF is assessed by comparing the related maximum response with the
one estimated via TDA based on a large number of full-scale thunderstorm records, and
the TRS technique. Finally, the maximum dynamic response induced via thunderstorms is
compared with the one induced by stationary synoptic winds. The comparison between
thunderstorm- and synoptic-induced dynamic responses is based on the definition of three
factors depending on the reference: wind velocity, the mean wind vertical profile, and
the gust response factor. Two structures of different heights and dynamical properties are
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considered as case studies: a steel lighting pole, representative of a low-rise structure, and
a reinforced concrete telecommunications tower, representative of a taller structure.

The paper is organized as follows: Section 2 outlines the analytical formulation,
starting with the extension of the EPSD-based approach to continuous systems and deriving
the dynamic response of a slender vertical structure along with its maximum value through
the TGRF technique. Section 3 illustrates the numerical applications, including the structure
case studies chosen, the wind speed data utilized, the modeling of the wind loading, and the
comparison between the estimate of the maximum dynamic response using the TGRF, TDA,
and TRS techniques. Section 4 outlines the comparison between the dynamic response
induced by synoptic winds and thunderstorm outflows, estimated following a design-
based approach and by investigating the role of different assumptions for the turbulence
intensity profile. Finally, Section 5 derives the conclusions and prospects of this research.
Appendix A reports the models of the vertical profiles of the wind speed and turbulence
intensity, and the model for the integral length scale adopted in this study.

2. Analytical Formulation

In this section, the analytical framework describing the wind speed modeling and the
dynamic response of mono-dimensional structures to thunderstorm outflow is outlined.
Firstly (Section 2.1), the analytical model of the wind speed along a vertical linear domain
is presented [18], which extends the single-point EPSD model of thunderstorm winds [20].
Second (Section 2.2), the model is adopted to derive the dynamic response of slender
vertical structures, assuming that it is dominated by the first mode of vibration. Then
(Section 2.3), the TGRF for the estimate of the maximum dynamic response is described.

2.1. Wind Velocity

Let us consider the horizontal non-directional wind speed of a thunderstorm outflow
along a vertical linear domain defined by the spatial coordinate z (with z = 0 m at the
ground level). The wind speed can be decomposed as follows [18,26–28]:

v(z, t) = v(z, t) + v′(z, t) (1)

where v(z, t) and v′(z, t) are the slowly varying mean wind speed and the residual turbulent
fluctuations, respectively. They can be expressed as:

v(z, t) = vmax(h)α(z)γ(t) (2)

v′(z, t) = vmax(h)Iv(h)α(z)θ(z)γ(t)ṽ′(z, t) (3)

where α(z) and θ(z) are the vertical profiles of the mean wind velocity and turbulence
intensity (Appendix A), respectively, γ(t) is the modulating function of the slowly varying
mean speed, Iv(h) is the mean value of the turbulence intensity [13,18,20,29] at the reference
height h at which the wind velocity is assigned, and ṽ′(z, t) are the reduced turbulent
fluctuations, dealt with as a stationary and Gaussian process with zero mean and unitary
standard deviation.

It is worth pointing out that in Equations (2) and (3), the vertical profiles of the mean
speed and turbulence intensity are assumed to be independent of time [27,30,31]. This is
somehow in contrast with the experimental observations, which indicate that both these
quantities evolve over time during the development of the downburst [5,32,33], and that
in particular, the characteristic nose-shaped profile of the mean speed is clearly noticeable
solely during the ramp-up phase of the wind speed. However, since there are no well-
established analytical models in the literature that suitably describe their evolution over
time, such vertical profiles are assumed as independent of time. The reliability of this
assumption for the mean wind speed, widely used in the literature [15,18,24,26,34], is
partially justified by the fact that the nose-shaped profile is noticeable within a time interval
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in which the mean wind velocity reaches its maximum, and is thus in the neighborhood of
the instant when the maximum response is expected [13,32,35].

The residual fluctuations in Equation (3) are a uniformly modulated process and can
be characterized through their cross-evolutionary power spectral density (CEPSD):

Sv′v′(z, z′, t, n) = v2
max I2

v(h)γ
2(t)α(z)α(z′)θ(z)θ(z′)Sṽ′ ṽ′(z, z′, n) (4)

where Sṽ′ ṽ′(z, z′, n) is the cross-power spectral density (CPSD) of the reduced turbulent
fluctuations, which can be written as follows:

Sṽ′ ṽ′(z, z′, n) =
√

Sṽ′(z, n)Sṽ′(z′, n)Cohṽ′ ṽ′(z, z′, n) (5)

In Equation (5), Cohṽ′ ṽ′(z, z′, n) is the coherence function of the reduced turbulent
fluctuations ṽ′(z, t) between two points, z and z′; it is assumed to be time-invariant. In
accordance with [18], the coherence function is defined as:

Cohṽ′ ṽ′(z, z′, n) = exp
{

2ncz|z− z′|
vmax(z)− vmax(z′)

}
(6)

where cz is the exponential decay coefficient of ṽ′(z, t) along z. It is important to notice that
the hypothesis of the time-invariant vertical profile allows us to treat the coherence function
between the processes v′(z, t) and v′(z′, t) as independent of time, being the modulating
function γ(t), which is independent of height. An evolutionary model for the coherence
function related to non-stationary winds was proposed by [36], who showed how neglecting
the time dependence may not be conservative for the estimate of the standard deviation of
the dynamic response. However, in this study, the wind speed is assumed to be uniformly
modulated, and thus these contributions are neglected, leading to a simplification of the
analyses and allowing us to carry out a comparison with other approaches based on the
same assumption (i.e., TDA and TRS).

2.2. Dynamic Response

Let us consider a slender vertical structure schematized as a linear elastic continuous
system. The alongwind force per unit length due to the wind speed in Equation (1) reads:

f (z, t) =
1
2

ρv2(z, t)b(z)cD(z) (7)

where b(z) is the width of the face exposed to the wind. Substituting Equation (1) into
Equation (7), the wind loading can be expressed as the sum of a mean and fluctuating part
as follows:

f (z, t) = f (z, t) + f ′(z, t) (8)

Invoking the hypothesis of small turbulence, the mean, and the fluctuating parts of
the loading read, respectively:

f (z, t) =
1
2

ρv2
max(h)γ

2(t)α2(z)b(z)cD(z) (9)

f ′(z, t) = ρv2
max(h)Iv(h)γ2(t)α2(z)θ(z)b(z)cD(z)ṽ′(z, t) (10)

It can be observed in Equation (10) that the fluctuating part of the loading is a uniformly
modulated process.

Let us assume that the dynamic response to thunderstorm outflows is dominated by
the first mode of vibration; therefore, the alongwind displacement reads:

x(z, t) = ψ1(z)p1(t) (11)
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where ψ1(z) is the first modal shape and p1(t) is the first principal coordinate, the solution
of the equation of motion:

..
p1(t) + 2ω1ξ

.
p1(t) + ω2

1 p1(t) =
1

m1
f1(t) (12)

where ω1 = 2πn1 is the first circular modal frequency, m1 is the first modal mass, and f1(t)
is the first modal force defined as:

f1(t) =
H∫

0

f (z, t)ψ1(z)dz (13)

where H is the height of the structure. Substituting Equations (8)–(10) in Equation (13), the
modal force can also be written as the sum of a mean and fluctuating part:

f1(t) = f1(t) + f ′1(t) (14)

where f1(t) and f ′1(t) read:

f1(t) =
1
2

ρv2
max(h)γ

2(t)a1 (15)

f ′1(t) = ρv2
max(h)Iv(h)a1γ2(t)ã′1(t) (16)

respectively, where a1 has the dimension of an area and can be interpreted as the area
perceived by the wind on the first mode, while ã′1(t) is a non-dimensional function of time.
The two quantities are defined as follows:

a1 =

H∫
0

α2(z)b(z)cD(z)ψ1(z)dz (17)

ã′1(t) =
1
a1

H∫
0

α2(z)θ(z)b(z)cD(z)ṽ′(z, t)ψ1(z)dz (18)

Substituting Equation (14) in Equation (12), the first principal coordinate can be
decomposed as follows:

p1(t) = p1(t) + p′1(t) (19)

where the mean part p1(t) is assumed as the static response to the mean part of the loading
f 1(t) (Equation (15)):

p1(t) =
1

2m1(2πn1)
2 ρv2

max(h)γ
2(t)a1 (20)

The fluctuating part p′1(t) is characterized by its EPSD:

Sp′1
(n, t) =

[
ρv2

max(h)Iv(h)a1

]2
|Z1(n, t)|2Sã′1

(n) (21)

where Z1(n, t) is the evolutionary frequency response function (EFRF) related to the first
mode, and Sã′1

(n) is the PSD of ã′1(t):

Z1(n, t) =
t∫

−∞

h1(t− τ)e−i2πn(t−τ)γ2(τ)dτ (22)
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Sã′1
(n) =

1
a2

1

H∫
0

H∫
0

α2(z)α2(z′)θ(z)θ(z′)b(z)b(z′)cD(z)cD(z′)ψ1(z)ψ1(z′)Sṽ′ ṽ′(z, z′, n)dzdz′ (23)

where h1(t) is the impulse response function associated with the first mode of vibration.
It is worth pointing out that the generalization to MDOF of the EFRF method is pursued
here following a mode-by-mode approach (Equation (21)), which offers the advantage of
overcoming potential limitations of the EFRF when applied to MDOF systems [37].

2.3. Maximum Dynamic Response: Thunderstorm Gust Response Factor Technique

In this section, the derivation of the maximum dynamic response is outlined by
employing the TGRF technique [13,38], benefiting from the closed-form solution proposed
by Roncallo and Tubino [25]. The TGRF constitutes a generalization of the gust response
factor from Davenport [22] for thunderstorms, accounting for the transient dynamic effects
due to the non-stationarity of the loading and the presence of a background wind [13,38].
It is defined as follows:

Gx,T = 1 + 2gx(ν̃x T̃eq)Iv(zeq)C
√

B2 + R2 (24)

where gx is the Davenport peak factor [39], B and R are the background and resonance fac-
tors, respectively, and ν̃x is the normalized expected frequency. They read as follows [40–42]:

B2 =
1

1 + 0.9
[

b+H
Lv(zeq)

]0.63 (25)

R2 =
π

4ξ
Sṽ′(zeq, n1)χH(ηH)χb(ηb) (26)

ηε =
4n1ε

vmax(zeq)
ε = H, b (27)

ν̃x =

√
R2

B2 + R2 (28)

where χε (ε = H, b ) accounts for the partial correlation of the turbulence along H and b
in virtue of the equivalent wind spectrum (EWS) technique [40,42], which operates solely
on the reduced turbulent fluctuations zeq = 0.6H, and Lv is the integral length scale of
the reduced turbulence. In Equation (24), C and T̃eq are equivalent parameters that can be
estimated by employing the closed-form solution proposed by [25]:

C2 =
γ∗20

(
T̃max
T̃tot
− 1
)
+ Λ5 − 5

2 Λ4Φ + 10
3 Λ3Φ2 − 5

2 Λ2Φ3 + ΛΦ4 − 1
6 Φ5

γ∗16
(

T̃max
T̃tot
− 1
)
+ Λ4 − 2Λ3Φ + 2Λ2Φ2 −ΛΦ3 + 1

5 Φ4
(29)

T̃eq =
γ∗16

(
T̃max − T̃tot

)
+ T̃tot

(
Λ4 − 2Λ3Φ + 2Λ2Φ2 −ΛΦ3 + 1

5 Φ4
)

[C2]
4 (30)

where γ∗ is defined as the ratio between the background mean wind speed and the maxi-
mum mean wind velocity of the thunderstorm outflow [20,38], and the parameters T̃max,
T̃tot, Λ, and Φ, which are expressed as follows:

T̃max = Tmaxn1 (31)

T̃tot = T̃1 + T̃N (32)
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Λ = γ∗4 + Φ (33)

Φ = β(1− γ∗4) (34)

where Tmax = 600 s, and:

T̃1 =
T̃
2

(35)

T̃N =

{
T̃2, T̃2 ≤ T̃max/2
T̃max/2, otherwise

(36)

T̃2 = T̃1

(
1 +

1
2ξT̃

)
(37)

β =
1

1 + 1
4ξT̃

(38)

T̃ = Tn1 (39)

where T represents the duration of the intense phase of the outflow [20,38]. Once the TGRF
is calculated, the maximum response is estimated as follows:

xmax = xmaxGx,T (40)

where xmax is the maximum value of the mean part of the response evaluated at z = H
(ψ1(H) = 1), that reads (Equations (11) and (20)):

xmax =
1

2m1(2πn1)
2 ρv2

max(h)a1 (41)

Finally, it is worth observing that for the stationary case, γ∗ → 1 ; thus, T̃eq → T̃max
and C → 1 . Therefore, the TGRF in Equation (24) returns to the classical formulation:

Gx,S = 1 + 2gx(ν̃x T̃max)Iv(zeq)
√

B2 + R2 (42)

3. Numerical Application

In this section, the structure case studies are first described, reporting the geometrical
and dynamical properties (Section 3.1). Subsequently, the modeling of the wind velocity
and the wind loading is outlined (Section 3.2). Finally, the maximum dynamic response of
the two structures provided via the thunderstorm is estimated through the TGRF technique
and compared with the one obtained via TDA and TRS (Section 3.3).

3.1. Structure Case Studies

Two slender vertical structures are considered: a steel lighting pole (Figure 1a) and a
reinforced concrete telecommunications tower [18] (Figure 1b).

The steel lighting pole (Figure 1a) is composed of a shaft, covered at the base with a
prismatic hollow element, and a lighting device at the top. The shaft consists of two parts,
both with a truncated conical shape and a tubular octagonal section, with a constant
thickness of 4 mm. Its height above the ground is 14 m, of which 2.2 m corresponds to the
first part, and 11.8 m to the second one. The outer diameters at the base and at the top are
280 and 80 mm, respectively. It reaches a total height of 15.76 m. The top portion, a length
of 1.76 m, holding the lighting device, presents a decagonal cross section until a height of
14.33 m, after which it becomes dodecagonal. The lighting device has a mass of 145 kg and
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a center of gravity at 14.9 m above the ground. Considering its modest height, it can be
regarded as a low-rise structure.
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Figure 1. Structure test cases: (a) steel lighting pole; (b) reinforced concrete telecommunications tower.

The reinforced concrete telecommunications tower (Figure 1b) is 98.00 m high and can
be regarded as a mid-height structure. It is composed of three superimposed shafts. The
first shaft, up to 3.90 m above the ground, is made up of two concentric tubular circular
sections linked by six radial walls. The second one, from 3.90 to 80.50 m, has a circular
tubular section with an outer diameter of 6.50 m and thickness of 0.50 m; in its upper part,
from 59.50 to 80.50 m, there are seven steel platforms with a constant distance of 3.50 m
that carry transmission parabolas. The third shaft, from 80.50 m to 98.00 m, has a circular
tubular section with an outer diameter of 3.00 m and thickness of 0.25 m; its outer surface
carries four tubular steel uprights that support other parabolas.

In Table 1, the properties of the two structures are reported, including the first three fun-
damental frequencies, modal masses, and the damping ratio, while the first three mode
shapes and the width along the height are reported in Figure 2.

3.2. Thunderstorm Wind Velocity and Loading Modeling

The data employed in the study were recorded by 14 bi- or tri-axial ultrasonic
anemometers installed in the ports of Genoa, La Spezia, Livorno, and Savona by the
Department of Civil, Chemical, and Environmental Engineering (DICCA), and include
129 thunderstorm outflow records at a duration of 10 min [43]. Anemometers were mounted
at a height, ha, reaching at least 10 m above the ground, mainly on high-rise towers or an-
tenna masts at the top of buildings, in order to avoid local effects and to register undisturbed
wind velocities. Figure 3 shows, as an example, one anemometer per each location considered.

Table 1. Main properties of the two structure test cases.

Structure H
[m]

n1
[Hz]

n2
[Hz]

n3
[Hz]

m1
[kg]

m2
[kg]

m3
[kg] ξ

Lighting
pole 15.76 0.53 3.16 8.76 164.37 83.65 46.17 0.002

Telecommuni-
cations tower 98 0.49 3.23 7.25 482,989.76 166,620.00 53,764.00 0.005
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All the anemometers have a sampling rate of 10 Hz, a precision of 0.01 m/s for the
velocity, and 1◦ for the direction. A detailed study of the data collected has been carried out
by Zhang et al. [29]. As an example, Figure 4 shows four samples of thunderstorm wind
speeds recorded in the ports of Genoa, Livorno, Savona, and La Spezia.
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The ensemble values of the maximum mean wind speed, turbulence intensity, and inte-
gral length scale read vmax = 16.01 m/s, Iv = 0.12, and Lv = 27.32 m, respectively [20,29],
while the modulating function γ(t) of the slowly varying mean wind speed average trend
is defined according to the model of Roncallo and Tubino [38]:

γ(t) =

{
1−γ∗

2
[
cos
( 2πt

T
)
+ 1
]
+ γ∗ , |t| < T

2

γ∗ , |t| ≥ T
2

(43)

where the parameters γ∗ = 0.54 and T = 169.81 s. Concerning the vertical profile of the
mean wind velocity associated with the thunderstorm outflow, the model from Wood
and Kwok [44] is adopted as outlined in Appendix A (Equation (A1)). The analyses
are carried out by fixing h = 20 m and using the different values of the nose height,
i.e., zm = 25, 50, 75, 100 m. As an example, the vertical mean speed profile of the
thunderstorm outflow and synoptic wind are plotted in Figure 5a,b for the lighting pole
and telecommunications tower, respectively. Note that for the lighting pole (Figure 5a), the
typical nose shape is not visible since the nose tip is located above the structure, whilst it is
clearly detectable for the telecommunications tower, especially at lower values of zm.
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It is worth pointing out that the profiles also follow the model in Equation (A2) for
lower values of z, whilst the guidelines suggest assuming a constant profile below a certain
height, fixed according to the exposure category [40]. This recommendation is disregarded
for the purpose of showing the differences between the thunderstorm and synoptic events
from a theoretical point of view.

Concerning the turbulence intensity, its dependence on the height above the ground
and roughness length is still a matter of discussion. Studies in the literature based on a
large amount of full-scale data have shown that the dependence of the turbulence intensity
on the ratio z/z0 is weak [5,29], and the values observed are on average lower than the
ones associated with synoptic winds. However, these studies were based on data collected
by anemometers located in coastal areas, and thus have similar roughness lengths with
which it is difficult to detect a significant dependence on the roughness. Other studies
carried out on different sites have shown increasing trends for the vertical profile of the
turbulence intensity, as well as greater values comparable to those observed during synoptic
events [45–47]. Moreover, it was shown that the vertical profile of the turbulence intensity
on the height changes during the thunderstorm, showing a decreasing trend during the
ramp-up phase of the wind speed [32]. In order to carry out a meaningful comparison with
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the synoptic case, two different models covering the possible scenarios of the turbulence
intensity of the thunderstorm are investigated:

a. θT(z) = 1, Iv(h) = 1/ln
(

h
z0

)
as the synoptic case [40];

b. θT(z) provided by Equation (A3) (Appendix A), Iv(h) = 1/ln
(

h
z0

)
.

Figure 6 plots the vertical profiles of the turbulence intensity of the thunderstorm
(Equation (A3)) and synoptic wind (Equation (A4)) events for the two structures.
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Figure 6. Vertical profile of the turbulence intensity of the thunderstorm (blue lines, Equation (A3))
and synoptic wind (red lines, Equation (A4)) events: (a) lighting pole; (b) telecommunications tower.

The definition of the mean wind loading is pursued through the derivation of the drag
coefficients and the calculation of the parameter a1 (Equation (17)). The drag coefficients of
the two structures are evaluated according to the Italian CNR guidelines [40]. Due to its
cross-section with sharp corners, the drag coefficient of the lighting pole does not depend
on the Reynolds number and hence on the wind velocity. Moreover, the contributions of
the drag due to the metallic bell at the base of the pole and the lighting devices at the top
are neglected in these analyses. Instead, the telecommunications tower presents a circular
cross-section, and thus the drag coefficient depends on the Reynolds number and on the
vertical profile of the wind velocity. The drag coefficients for the two structures are plotted
in Figure 7.
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It is worth pointing out that the drag coefficient adopted corresponds to a stationary
wind field. Suitable aerodynamic coefficients able to account for the transient nature of
thunderstorm outflows are a matter of current research; however, recent studies have
shown that these effects are negligible [48,49].

3.3. Maximum Dynamic Response to Thunderstorms: Comparison among Different Approaches

In this section, the maximum dynamic response estimated with the TGRF technique
(Section 2.3) is compared with the one obtained using TDA and TRS [16]. The maximum
response is estimated via TDA, starting from the set of wind speed records outlined in
Section 3.2. To simplify the calculations, the EWS technique by Solari [42] is employed,
which consists of replacing the actual reduced turbulent fluctuation—the random function
of time and space—with an equivalent turbulent fluctuation perfectly coherent in space.
Assuming that the coherence function of the reduced turbulent fluctuation is expressed by
Equation (6), the equivalent turbulent fluctuation is obtained following the steps reported by
Solari [18] and Solari and De Gaetano [16]. Once the equivalent wind speed is determined,
the wind loading and the first modal force are derived by Equations (8)–(10) and (13), and
the dynamic response is calculated by integrating the equation of motion into Equation (12).
Finally, the maximum dynamic response is estimated by taking the maximum value of
Equation (11), considering z = H. Considering the TRS technique, the diagrams from
Solari and De Gaetano [16] are adopted. Since [16] does not furnish values of the TRS for
ξ = 0.005, for the telecommunications tower, it is estimated through a linear interpolation
between the values ξ = 0.002 and ξ = 0.01. Moreover, in order to provide a consistent
comparison with the TRS, the turbulence intensity is assumed to be constant with the
height—i.e., θ(z) = 1—and equal to the average value extracted from the data (Section 3.2).
For the TDA, the maximum dynamic response is reported in terms of average value together
with a confidence interval of one standard deviation. The comparison in terms of maximum
response is reported in Figure 8 on varying the height of the nose zm.
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(a) lighting pole; (b) telecommunications tower.

It can be observed that the three approaches are in good agreement with each other,
especially for the telecommunications tower (Figure 8b). More specifically, for the lighting
pole (Figure 8a), TDA and TRS furnish very close trends, almost constant with zm, while
the TGRF furnishes slightly more conservative results which, however, lie within the
confidence interval of one standard deviation obtained using TDA. Instead, the results
obtained for the telecommunications tower (Figure 8b) show an almost perfect agreement.
In this case, the maximum dynamic response tends to increase upon increasing zm. The
different behavior of the trends with zm observed for the two structures is explained by
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the proximity of the tip of the nose-shaped profile of the mean wind speed with their
height, which produces a greater wind loading. For the lighting pole—which can be
regarded as a low-rise structure—the more zm is reduced, the more it approaches its height,
and thus provides greater wind loading on the structure (Figure 7a). Conversely, for the
telecommunications tower, the more zm is increased, the more the nose tip reaches its top,
providing greater wind speeds, and thus results in a greater wind loading on the structure
(Figure 5b). This aspect reflects the well-known characteristic of thunderstorm outflows,
i.e., the threat they provide for mid-low structures.

Overall, from the results shown in Figure 8, it can be concluded that the three methods
adopted for the estimate of the maximum response are in good agreement with each other.
In particular, TRS furnishes a good estimate, but its derivation may not be so straightfor-
ward due to it being based on diagrams; the TGRF may provide some overestimation for
low-damped structures; however, it constitutes a reliable and handy tool for engineers in
virtue of the closed-form solution provided.

4. Comparison between Thunderstorm and Synoptic Dynamic Response

In light of the considerations on the TGRF outlined in the previous sections, in this
section, the method is adopted in the spirit of comparing the maximum response provided
by a thunderstorm outflow and a synoptic wind following a code-based approach. The
ratio between the maximum response to the thunderstorm (xmax,T) and the synoptic event
(xmax,S) is defined as follows:

xmax,T

xmax,S
= RvRaRG (44)

where the three quantities Rv, Ra, and RG are the reference velocity ratio, the velocity
profile ratio, and the gust response factor ratio, respectively (Equations (24) and (42)). They
are defined as follows:

Rv =
v2

max(h)
v2

S(h)
(45)

Ra =
a1,T

a1,S
(46)

RG =
Gx,T

Gx,S
(47)

where vS is the reference wind velocity associated with the synoptic wind. Using Equation (44),
this follows:

xmax,T = RvRaRGxmax,S (48)

which is conceptually similar to the gust front factor framework proposed by Kwon and
Kareem [24].

In the next paragraphs, three ratios are estimated for the two structures: the reference
velocity ratio is first derived (Section 4.1) starting from statistical analyses based on full-
scale data, and both the mean wind speed of the thunderstorm outflow and synoptic
wind are fixed with the same return period; secondly (Section 4.2), the mean velocity
profile ratio is estimated, introducing vertical profiles of the mean velocity for synoptic
and thunderstorm winds (Equation (A1)); and finally (Section 4.3), the gust response
factor ratio is evaluated according to the TGRF approach and the Italian guidelines [40] for
thunderstorm and synoptic winds, respectively, accounting for the different modeling of the
turbulence intensity (Section 3.2). The maximum response is thus derived and compared
according to Equation (48) (Section 4.4).
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4.1. Reference Velocity Ratio Rv

The wind speed is defined following the spirit of design codes and standards. In this
example, the Italian Guide for the Assessment of Wind Actions and Effects on Structures [40]
is taken as a reference. The mean wind speed for thunderstorm outflow and for synoptic
events with a mean return period of 50 years are derived from statistical analyses carried out
by Zhang et al. [10] on full-scale anemometer data. In particular, the wind velocity collected
from an anemometer in the port of Livorno in the High Tyrrhenian Sea is considered, located
at 20 m above the ground. Table 2 summarizes the main properties of the wind velocity
data of both the thunderstorm outflow (T) and synoptic event (S) that are employed in this
study. The mean wind speeds with a return period of 50 years are obtained from the peak
wind velocities v̂max(h) and v̂S(h) as vmax(h) = v̂max(h)/Gv,T and vS(h) = v̂S(h)/Gv,S,
respectively, where Gv,T and Gv,S are the gust factor of the thunderstorm and synoptic
wind velocities, respectively [10].

Table 2. Main wind velocity parameters.

h [m] ^
vmax(h) [m/s]

^
vS(h) [m/s] Gv,T Gv,S vmax(h) [m/s] vS(h) [m/s] Rv

20 38.33 33.85 1.140 1.471 33.62 23.01 2.135

It can be noticed that the mean wind velocity in Table 2 associated with synoptic winds
vS(h) is significantly lower than the reference value of 28 m/s furnished in [40], which is
associated with a reference height h = 10 m, a return period of 50 years, and flat terrain with
z0 = 0.05 m. This is due to the fact that the values reported in codes are based on statistical
analyses that do not distinguish between wind events of a different nature, and hence
they provide intermediate values between velocities associated with thunderstorms and
synoptic winds [10,50]. In this framework, the data in Table 2 furnish a more authentic value
for synoptic winds being the result of an accurate separation procedure [51]. Moreover,
it is important to observe that the maximum mean wind speed due to thunderstorms
is greater than the one related to synoptic events by 46%, which leads to a value of the
reference velocity ratio Rv of greater than two. It is worth pointing out that since the
reference velocity depends on the reference height according to the vertical profile of the
mean wind speed, the reference velocity ratio Rv also depends on the reference height. For
low reference heights, where the thunderstorm profile is generally larger than the synoptic
one, Rv > 1 is expected. Finally, it is worth noticing that the analyses are based on the data
collected in a thunderstorm-prone area; therefore, different statistics might be expected in
other areas less affected by such extreme events.

4.2. Velocity Profile Ratio Ra

The calculation of parameter a1 (Equation (17)) is pursued based on the vertical profiles
of the mean wind speed, as outlined in Appendix A (Equation (A2)), and by defining the
drag coefficients of the two structures according to [40]. Analyses are carried out for
different values of the roughness length z0 = 0.01, 0.05, 0.10, 0.30, 0.70 m. It is worth
pointing out that, with the aim of inspecting different varying wind profiles z0, the wind
velocities in Table 2 should be scaled, in principle, according to the fixed roughness length.
However, since there is no established relation between vmax and z0 for thunderstorms,
in order to secure consistency between the thunderstorm and synoptic wind velocities
recorded by the same anemometer, this scaling is disregarded. Hence, the effects of the
roughness length are only accounted for in the definition of the shape of the vertical
profile according to Equation (A2), while for the thunderstorm outflow, different shapes are
investigated by varying the nose tip through parameter zm according to Equation (A1). The
drag coefficients due to the synoptic wind for the telecommunications tower are reported
in Figure 9.
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Figure 10a shows that for the lighting pole, Ra is always higher than unity, except for
the low roughness length (z0 = 0.01 m) and high nose tip (zm = 75 m and zm = 100 m),
showing an increasing trend with z0 while decreasing with zm. Conversely, for the telecom-
munications tower (Figure 10b), the trends are opposite. Indeed, it can be noticed that
Ra is always lower than unity, and it reduces upon increasing z0, while it increases upon
increasing zm. The different behaviors observed for the two structures with zm are due
to the different positions of the tip of the nose with respect to the reference height, and
therefore the different shapes of the vertical mean wind profiles. It can be argued that the
thunderstorm provides a greater wind loading for the pole and a smaller one for the tower
compared with the wind loading provided by the synoptic case.

Overall, the results are in accordance with the wind velocity profiles reported in
Figure 5, and emphasize the greater sensitivity of low-rise structures (such as the lighting
pole) to thunderstorm outflows.

4.3. Gust Response Factor Ratio RG

The gust factor of the response is derived according to Section 2.3 following the
two different approaches for the turbulence intensity outlined in Section 3.2. The integral
length scale is instead estimated as for the synoptic case (Appendix A, Equation (A5)).
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Figure 11 plots the gust response factor ratio for the lighting pole (Figure 11a) and the
telecommunications tower (Figure 11b), evaluated according to the two different models of
the turbulence intensity; i.e., case (a) θT(z) = 1 varying the roughness length (Section 3.2)
and case (b) assuming the vertical profile in Equation (A3) (Appendix A).
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Figure 11 shows that when moving from case (a) to case (b), RG tends to increase for
the low-rise structure (Figure 9a), while a reduction is observed for the taller one (Figure 9b),
except for low values of zm. In this latter case, the dependence on z0 is more marked because
of the greater height of the structure. Moreover, the pole RG in case (a) tends to decrease
with zm (Figure 11a), while it increases upon increasing zm in case (b) (solid lines). The
opposite behavior is instead observed for the tower (Figure 9b).

It is important to notice that for both structures, the gust response ratio is always lower
than unity. This is due to the transient dynamic effects induced by the nonstationary loading
of the thunderstorm that mitigates the response [13]. The only exception is observed for the
tower when the turbulence intensity of the thunderstorm is assumed to be constant with
the height, but variable with the roughness length for higher values of z0 and zm. This is
due to the combination of a lower turbulence intensity of the synoptic wind (estimated at
the equivalent height), and a larger value of the resonance factor (Equation (26)) as a result
of a larger vertical mean speed profile.

Finally, it can be observed that for the lighting pole—i.e., the low-rise structure—the
gust response factor results are weakly dependent on both the roughness length and the
height of the nose of the vertical profile. Therefore, future studies may investigate whether
this behavior occurs after introducing a relation between z0 and zm in the modeling of the
vertical profile.

4.4. Maximum Response

The comparison between the maximum dynamic responses is performed according to
Equation (44). It can be observed that among the three quantities in Equations (45)–(47), Rv
is clearly the greater one, being v2

max(h)� v2
S(h) (Table 2). This quantity is independent of

z0 and zm, and scales the product among the other two ratios.
Figure 12 plots the ratios between the maximum response to the thunderstorm and

the synoptic wind for both the lighting pole (Figure 12a) and the telecommunications
tower (Figure 12b), which are estimated according to the two models of the thunderstorm
turbulence intensity (Section 3.2).
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Figure 12 shows that for the pole, the ratio between the maximum responses has
a weak dependence on zm, while the dependence on z0 is more marked for the tower
(Figure 12b). Nevertheless, the dependence on the roughness length is not negligible,
leading to an increase in the maximum response due to the thunderstorm for the pole and
a decrease for the tower. It is also observed that moving from the hypothesis of constant
turbulence intensity (case a, dashed lines) to account for its variability with the height (case
b, solid lines), the ratio between the maximum response due to the thunderstorm and the
synoptic wind of the pole increases, especially for higher values of z0 and zm (Figure 12a),
whilst for the tower a reduction is observed, especially for larger values of zm (Figure 12b).
These results point out that the impact of the model of the turbulence intensity vertical
profile may not be negligible in the estimate of the maximum dynamic response due to the
thunderstorm, especially for a low-rise structure where neglecting the dependence on the
height may not be conservative. Nevertheless, the dependence of the turbulence intensity
on the roughness length of the site seems to play an important role that is not negligible
in determining an accurate estimate of the maximum response and wind loading. Finally,
it can be observed that for both structures, the thunderstorm provides a larger maximum
response compared with the synoptic wind, reaching twice the maximum response given
by the latter when the height of the nose-shaped profile is close to the tip of the structure.
Higher responses due to the synoptic wind are observed for the tower for lower values of
zm (Figure 12b), where the tip of the nose profile affects the structure only in its lowest part.
Finally, it should be stressed that the obtained results are strongly affected by the reference
velocity ratio Rv. In this study, the value considered was derived from data collected in
thunderstorm-prone areas, leading to a factor greater than two. However, in case the
two reference wind speeds are similar, the velocity ratio tends to unity, and the curves in
Figure 12 drop below one. As a result, if Rv is close to unity, the synoptic wind provides
the greatest dynamic response. In light of this consideration, it would be important to
define a criterion to establish whether a site is thunderstorm-prone or not, similar to the
earthquake case. Finally, it is interesting to investigate whether these results hold when a
vertical nose-shaped profile that accounts for the roughness length is considered.

5. Conclusions and Prospects

In this study, the thunderstorm gust response factor was generalized to the analysis of
slender vertical structures, and it was employed for a comparison between the maximum
dynamic response due to thunderstorms and synoptic events. Two real structures were
considered as case studies; i.e., a lighting pole, regarded as a low-rise structure, and
a telecommunications tower, regarded as a higher structure. The comparison between
the maximum dynamic response due to thunderstorms and synoptic events was carried
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out by investigating the role of the roughness length, the height of the nose profile, and
turbulence intensity.

From the comparison with TDA and TRS, it can be concluded that the TGRF was
proven to be a robust and reliable tool for the estimate of the maximum response of slender
vertical structures.

In view of the results outlined, the TGRF was then adopted to carry out a comparison
with stationary wind.

The comparison showed that both the definition of the reference wind speed and the
height of the nose tip of the thunderstorm mean wind profile are crucial for the maximum
response. According to the available data collected in a thunderstorm-prone area for a
return period of 50 years, it was pointed out how the velocity ratio is significantly large, and
that the thunderstorm provides the design loading condition in most of the cases except for
the taller structure, where the synoptic wind provides the design conditions only if the nose
tip is at the lowest height. In this framework, it was shown that accounting for the transient
dynamics in the estimate of the gust response factor is beneficial for the reduction in the
maximum response due to thunderstorms. Moreover, the dependence on the roughness
length is crucial for a proper estimate of the maximum response and wind loading.

The results shed light on some important aspects that need to be addressed. Firstly, the
importance of carrying out an accurate estimate of the reference wind speed through sepa-
rated statistical analyses of thunderstorms and synoptic events was highlighted, especially
in thunderstorm-prone areas. Secondly, further studies are necessary for the definition of
suitable analytical models that are able to account for the dependence of the vertical mean
wind speed profile and turbulence intensity on the roughness length.

In view of these results, the evaluation of the wind loading due to thunderstorm
outflows is essential for a safer and cost-efficient design of structures, and the introduction
of proper guidelines in codes and standards is advisable. In this framework, the TGRF ap-
proach represents a robust and handy tool for engineers to properly estimate the maximum
response and wind loading caused via thunderstorms.

Future studies will be aimed at carrying out a comparison between the maximum
dynamic response registered from a monitored slender structure and the one estimated
through the TGRF technique.

Author Contributions: Conceptualization, L.R. and F.T.; methodology, L.R. and F.T.; software (Matlab
2020), L.R. and M.G; validation, L.R. and M.G.; formal analysis, L.R. and M.G.; investigation, L.R.;
resources, L.R. and F.T.; data curation, L.R. and M.G.; writing—original draft preparation, L.R.;
writing—review and editing, F.T; visualization, L.R. and M.G.; supervision, F.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the European Research Council (ERC) under the European
Union’s Horizon 2020 Research and Innovation Program (grant agreement No.: 741273) for the project
THUNDERR—Detection, simulation, modelling, and loading of thunderstorm outflows to design
wind-safe and cost-efficient structures—supported by an Advanced Grant 2016. The data used for this
research were recorded via the monitoring network set up as part of the European Projects Winds and
Ports (grant No.: B87E09000000007) and Wind, Ports, and Sea (grant No.: B82F13000100005), funded
by the European Territorial Cooperation Objective, Cross-border Program Italy–France Maritime
2007–2013.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon reasonable request from the corresponding author.

Acknowledgments: The authors are grateful to Giovanni Solari who inspired, motivated, and
oversaw this research.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2023, 13, 11440 20 of 22

Appendix A Vertical Profiles of the Mean Wind Speed, Turbulence Intensity, and
Integral Length Scale

In this appendix, the models of the vertical profiles of the mean wind speed and
turbulence intensity of both the thunderstorm outflow and synoptic wind are illustrated.

The vertical profile of the mean wind speed of the thunderstorm outflow is modeled
according to the expression provided by Wood and Kwok [44]. Thus, the function α(z) is
given by [18]:

α(z) = αT(z) =
( z

h

)1/6 1− erf
(
0.70 z

z∗
)

1− erf
(

0.70 h
z∗

) (A1)

where erf(z) is the error function, z∗ = 6zm is the height for which vmax(z∗) = 0.5vm,
where vm is the maximum value of vmax along z, zm is the height for which vmax = vm, and
h is the reference height for which α(h) = 1.

The mean wind velocity vertical profile for synoptic winds is defined according to the
logarithmic law [40]:

α(z) = αS(z) =
ln
(

z
z0

)
ln
(

h
z0

) (A2)

where z0 is the roughness length and αS(h) = 1. It is worth noticing that the nose-shaped
profile in Equation (A1) does not depend on the roughness length of the logarithmic one in
Equation (A2), and it is instead governed only by the parameter zm.

With the aim of introducing a tentative model for the vertical profile of the thunder-
storm turbulence intensity in analogy with the synoptic case, the inverse of the mean wind
speed profile is chosen, and it reads:

θ(z) = θT(z) =
1− erf

(
0.70 h

z∗

)
( z

h
)1/6[1− erf

(
0.70 z

z∗
)] (A3)

It is worth noticing that Equation (A3) implicitly assumes that the standard deviation
of the turbulence does not change with the height.

The turbulence intensity profile for the synoptic wind is modeled according to the
relation provided in [40]:

θ(z) = θS(z) =
ln
(

h
z0

)
ln
(

z
z0

) (A4)

The integral length scale is estimated as follows [40,52]:

Lv(z) = L
( z

z

)υ
(A5)

where υ = 0.67 + 0.05 ln(z0), L = 300 m, and z = 200 m.
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