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Abstract "Wind and Ports" is a European project that has been earned out since 2009 to handie wind 
forecast in port areas through an integratedsystemmade up of an extensive in-situ wind monitoring network, 
the numerical simulation of wind fields, the statistical analysis of wind climate, and algorithms for 
medium-term (1-3 days) and short term (0.5-2 hours) wind forecasting. The in-situ wind monitoring network, 
currently made up of22 ultrasonicanemorneters, provides a unique opportunity for detecting high resolution 
thunderstorm records and studying their dominant characteristics relevant to wind engineering with special 
concern for wind actions on structures. In such a framework, the wind velocity of thunderstorms is firstly 
decomposed into the sum of a slowly-varying mean part plus a residual f1uctuation dealt with as a 
non-stationary random process. The fluctuation, in tum, is expressed as the product of its slowly-varying 
standard deviation by a reduced turbulence component dealt with as a rapidly-varying stationary Gaussian 
random process with zero mean and unit standard deviation. The extraction of the mean part of the wind 
velocity is carried out through a moving average filter, and the effect of the moving average period on the 
statistical properties of the decomposed signals is evaluated. Among other aspects, specialattention is given 
to the thunderstormduration, the turbulence intensity,the power spectral density and the integral length scale. 
Some noteworthy wind velocity ratios that play a crucial role in the thunderstorm loading and response of 
structures are alsoanalyz.ed. 

Keywords: gust factor; monitoring network; moving average period; synoptic event; thunderstorm; 
turbulence; wind velocity 

1, Introduction 

The study of thunderstorms and their actions on structures has been a dominant topic of the 
research in wind engineering over the last 30 years (e.g.• Solar i 2014). This depends firstlyon the 
fact that the methods currently applied to determine the wind actions on structures are still referred 
to the synoptic-scale extra-tropical cyclones that strike mid-latitude areas; these phenomena occur 
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in neutr al atmospheric conditions with stationary features and veloc ity profiles in equilibrium with 
the planetary bound ary layer (PB L). Thunderstorrns arc non-station ary phenomena at the 
meso-scale that occur in convect ivc conditions with "nose" velocity profi les comp letely different 
from those that are typical of the PB L. Design wind vcloc ities with mean retum periods grea ter 
than 10-20 years are often associated with thunderstorms. Th ey arc in fact the domi nant wind type 
for structural design in many parts of the world. 

The literature has many contributions that describe measurements of thunderstorms elaborated 
to obtain the paramete rs of major interest for evaluating the ir actions on structures. Choi (2000), 
Ch oi and Hidayat (2002a), and Cho i (2004) illustrated the results of a monitoring programm e 
carried ou t in Singapore, g iving relevance to the definition and values assumed by the gust facto r. 
Duranona et al. (2006) analyzed the evo lution of the vertical profil e of the mean wind velocity and 
the turbulence properti es of non-stationary events registered in north European coastal areas. 
Orwi g and Schroeder (200 7) investigated the space-time properties of the rear-fl ank downdraft of 
a super-cell and a derecho detected during a thund erstorm outfl ow experiment conducted in 2002 
in Lubbock, Texas. Holmes ct al. (2008) studied the rear-fl ank downdr aft previously examined by 
Orwig and Schroeder (200 7), decomp osing its velocity into a deterministic running mean and a 
random turbulence component whose chara cteristics were inspected and discussed in detail. 
Gunter and Schroeder (201 3) illustrat ed a novel project carried out at Texas Tech University 
aiming to perform high-r esoluti on full-scale measures of thunderstorm outflows by using surface 
instruments and mobile Doppl er radars. Lombardo et al. (20 14) investigated some thund erstorm s 
that occurre d in Lubbock to elucidate their ma in prope rties relevant to wind engineering. 

ln spite of this impress ive amount of measureme nts and elaborations, the understandin g and 
representation of thund erstorms are sti ll full of uncertainti es and problem s to be c1arified . Thi s 
depends, on the one hand, on the cornplexity of these phenom ena and, on the other hand, on their 
short duration and small size. The first aspec t makes it difficu lt to formu late models that are 
phy sieall y realistic and simply applicable as in the case of synoptic eve nts. The second aspect 
makes sti ll very limited the available data, and point s out the neces sity of collecting and 
investigating as many thunderstorm records it is possibl e. 

The project " Wind and Ports" (So lari et al . 20 l 2) may ofTer an important contribution to the 
growth and advance in the knowl edge of thund erstorm s and their parameters relevant to wind 
engineering. Started in 2009 and finished in 2012, this project was financed by the European 
Territorial Cooperation Objective, Cros s-bo rder program " Italy-France Maritim e 2007-20 13". lt 
involved the port authorities of the five main ports in the No rthern Tyrrh enian Sea , namely Genoa, 
La Spezia, Livorno, Savona (Italy) and Bast ia (France). The Department of Civil, Chemical and 
Environmental Engineering (DJCCA) of the University of Gen oa was the only scien tific partner. 
TIle project focused on the wind forecast in port areas and developed an integra ted system made 
up of an extensive in-situ monitoring network , the numerical simulation of wind fields, the 
statistical anal ysis of wind climate, and algorithms for medium term ( 1-3 days) and short-term 
(0.5-2 hours) wind forecast. Results are made available to port operators through an integrated 
web -based GIS system for the safe management of port areas. The continuation of this activity 
after 20 12 is codified by an agreement between the University of Genoa and the port authorities 
invol ved in the above project. A new European project with the same partn ers, "Wind, Ports and 
Sea", is c urrently financed with the aim of continu ing and deve loping the previous project 
(Burlando et al. 2015). 

Th is paper analys es a first block of the data recorded durin g the proj ect " Wind and Ports" , with 
the aim of extracting high resolution thunderstorm records and studying their dominant prope rties 
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relevant to wind en gineering. Of cou rse, such properti es cann ot bc representative of the many 
types of meteorol ogical conditions that can occur in a variety of latitud es and cl imate zo nes . 
However, the ir study mayenrich the knowledge of thunderstorms, provide methodological issues 
on their analysis, stimulate discussion on how to improve the statistical analys is of their 
characteri st ics. 

Section 2 describes the monitoring network and the dataset of the proj cct , discu ssing the 
methods appl ied in order to extract thunderstorm records. Sect ion 3 illustrates the decomposit ion 
of the wind velocity of thunderstorms into the sum of a slowly-vary ing mean part plus a residual 
fluctuation dealt with as a non-stationary random proce ss; the fluctu ation, in tum, is expressed as 
the produ ct of its slowly-varying standard deviat ion by a reduced turbulence component dealt with 
as a rapidly-vary ing stationary Gaussian random process with zero mean and unit standard 
deviation; the ext raction of the mean part of the wind velocity is carried out through a moving 
average filter. Section 4 discusses the effects of the choice of the moving average period on the 
statistical propertie s of the decomp osed signals; parti cular attent ion is given to the separation of 
the harmonie content of the mean part and the fluctuations, and the statistica l mom ents of the 
reduced turbul ence . Sect ion 5 provid es a comprehensive picture of the slowly-varying mean wind 
velocity of thunderstorm s, focusing on the critical issue of their duration. Section 6 discusses the 
parameterizat ion of the turbul ence intensity with special regard to the roughncss of the terrain that 
surrounds the anemomete rs; the results are comp ared with those obta ined for synoptic events. 
Section 7 examin es the power spectral density (PSD) and the integral length sca le of the redu ced 
turbulence; also in this case the results are compared with those obtained for synoptic eve nts . 
Section S anal yses some wind velocity ratios tha t play a key role in the thund erstorm load ing and 
response of structures . Sect ion 9 summarizes the main conclu sions and draws some prospects for 
future research on this topic. 

2. Monitoring network and dataset 

Fig. l shows the monit oring network realized for the project " Wind and Ports" (So lari et al. 
20 12). The netw ork consists of 22 ultra sonic anemorneters (circlcs) distri buted in the Ports of 
Genoa (2), Savana (6), La Spezia (4), Livomo (5) and Bastia (5). The Port of Vado is adjacent to 
the Port of Savona and is managed by the same Port Autho rity ; so , the Port of Savona includes the 
port area of Vade . Table l shows the main properti es of these anemometcrs, h being their height 
above ground. In addition to these initial instrum ents , l l ultrasonic ancmorncters have been 
installed in the Ports of Gen oa (9), Savon a ( I) and La Spezia (I ) by local port auth orities (squares in 
Figure I). Furthermore, in the framew ork of the new projec t "Wind, Ports and Sea" (l3urlando et al. 
2015), 6 ultrason ic anemometer s are being installed in the Ports of Genoa ( l) , Savona (I), Livorno 
(2) and Ile-Rousse (2) ; 3 LiDARS are being installed in the Ports of Genea (I), Savona (I ) and 
Livomo (I ) . lt is expected that a monitoring network made up of 39 ultrasonic anemometers and 3 
LiDARs will be operational by mid-20I S; thermometers, barome ters and hygrometers arc being 
also added to the anemo rnetr ic network. 

The position of the instruments has been chosen in order to cover homogeneou sly the port areas 
and register und istur bed wind velocity records. Instruments arc mounted on high-ri sc towers and 
some antenna masts at the top of build ings, at least at 10 m height above ground level, with spec ial 
attention to avoid any local effect that cou ld contaminate signa ls. The sampling rate of the 
anemomcte rs is 10 Hz, with the exception of the anemometers in the Port of Bastia , whose 
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sampling rate is 2 Hz. Wind measurements are collected with a precision of 0.0 I m/s and l degree 
for wind speed and direction, respectively. 

Fig. I Anemometrie monitoring network (circles represent the anemometers installed for the project "Wind 
and Ports'' ; squares represent newanemometers) 

Table l Main properties of the initial monitoring network 

Port Anemometer No. h (fi) TyPe Sampling rale (Hz) 
Savona and	 O 
Vado	 I 

2 
3 
4 
5 

84 tri-axial 10 
33 

18 
27 
32 
42 

La Spczia 

Genoa l 
2 

2 
3 

15,5 
13 
10 

6 1,4 
13,3 

bi-axiai 

bi-axiai 

10 

10 

Livomo 
4 

2 
3 

I I 
20 
20 
20 

tri-axiai lO 

4 

5 
20 
75 

Bastia l 10 bi-axiai 2 
2 10 
3 13 
4 10 
5 10 
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A set of local servers placed in each port authority headquarter receives the measurements from 
the anemometers in their own port area and generatcs basic statistics on ID-minute periods, i.e ., the 
mean and peak wind velocities and the mean wind direction. Each server automatically sends this 
information to a central server in DICCA. Two files are transferred every 10 minutes containing, for 
each anemorneter, the raw data and the statistical values of the previous ID-minute period . The 
operational centre of DICCA stores this data into its central dataset after having systematically 
checked and validated the data received. Real-time transfer is crucial for short-term forecasting 
(Burlando el al. 2014). Validation is carried out in two stages: in the first stage, carried out in 
real-time, the data is marked with a reliability index depending on the number of measures actually 
acquired in the previous ID-minute period; in the second stage, carried out periodically, the mean 
and peak values, the standard deviation , the skewness, the kurtosis and the harmonie content of the 
wind velocity are examined and compared with other simultaneous contiguous measures. 

A semi-automated procedure has been implemented in order to extract and separate different 
intense wind events (De Gaetano el al. 2013). Table 2 provides the number of records examined in 
the present paper. They comprise 64 thunderstorm events (NTE) and 93 thunderstorm records 
(NTR); the l -s peak wind velocity of all these records exceeds 15 m/s; there are more NTR than 
NTE because, during thunderstorm events, thunderstorm records are often registered by two or 
more anemometers in the same port. In addition, 97 synoptic events (NSE) and 229 synoptic 
records (NSR) are analysed for comparison purposes; the mean wind velocity over 10 minutes of 
all these records exceeds 10 mis (nearly neutral conditions); the size of synoptic events makes 
NSR much larger than NSE; the sum of NSE in each port is less than NSE in all ports since the 
same synoptic event may be detected in different port s, The data are generated by 9 of 22 
anemometers in the period 20 11-2012: Anemometer l of the Port of La Spezia is not included in 
Table 2 since it provided data not fully reliable; Anemometer 4 of the Port of La Spezia and all the 
anemometers of the parts of Savona and Bastia started measurements later and their data have not 
yet been analyzed. 

Table 2 Numberof thunderstorm and synoptic events and records examined 

Port AnemometerNo. NTE NTR NSE NSR 
Genea l 21 12 26 18 

2 II 27 

La Spezia	 16 8 10 4 

2	 14 9 

Livomo 27 12 77 24 

2 7 28 
3 12 46 
4 JI 

S I ') 42 

All ports	 64 9J 97 229 
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Table 3 Classes of membership of the peak wind velocity of thundcrstorms 

V (mis) 15-20 20-25 25-30 30-35 
NTR 59 27 5 2 

Table 3 shows the l-s peak wind velocity values. ii, recorded during thunders torms, divided into 
classes o f membership . Fig. 2 shows two intense thunderstorm records registered in the Port of La 
Spezia: hori zontal solid lines denote mean wind ve locities ove r l-hour periods; horizontal dotted 
lines correspond to mean wind velocities over lO-minute subsequent peri ods; circles indicate l-s 
peaks (small er than max imum win d ve locities acquired with sampling rate JO Hz). Fig. 3 shows 
the distribution of the thunderstorm records in Table 2 with reference to the day of occurrence ( l 
relates to January I) and the wind direction in the Parts of Ge noa (a), La Spezia (b) and Livorno 
(e). Examining together Figs. l and 3, it is worth noting that thunderstorms mainly occ urred in the 
months between September and January. In the Parts of Genoa (Fig . 3(a» and Livorno (Fig. 3(c») 
most of these events come from the sea; in the Port of La Spezia (Fig. 3(b» this is not so evident 
and most of the thunderstorms come from the sector between South-East and South- West. 

The choice to examine all records with ii va lues greater than 15 mis, adopted in the present 
paper, is consistent with thunderstorm analyses carried ou t by other authors (Cho i 2000 , 2004 , 
Duranona el al. 2006), and with the tradition of eval uatin g the parameters of synop tic events by 
collecting all record s that satisfy the requirement of neutral atmospheric conditions (Solari and 
Piccardo 200 l , Solari and Tubino 2002), these including several phenomena of limited engineering 
interest. The alternative approach of restricting analyses to thunderstorms with higher ii values 
(Geerts 2001, Lombardo cl al. 201 4) improves the information re lated to those phenomena of 
major engineering intere st , but reduces the statistical repre senta tiveness of results. Studies are in 
progress to exte nd the analyses carried ou t in this paper to all the thunderstorm reco rds not yet 
examined (about 75% of the data currently detected by the " Wind and Ports" monitoring network), 
in order to inspect, based on a large r dataset, the dependence of thunderstorm parameters on the 
wi nd velocity. 
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Fig. 2 Thunderstorm records registered in the Port of La Spezia 
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Fig.3 Day of the year and direction of occurrence of thunderstorms 

3. Wind veloci ty decomposit ion 

The wind velocity in thunderstorms is usua lly expressed by the relationship (Choi and H idayat 

2002b, Chen and Letchford 2004) 

v{t)= v(t )+v'(t) (l) 

where I is the time, v is the slowly-varying mean wind velocity, related to the low frequency content 

of v, v' is the residual fluctuation, related to the high frequency content of v. The extraction of v 
from v may bc carried out by wave lct and Hilbert trans forms, emp irica l mode decompos ition 
(Chen and Letchford 2007, McCullough el al. 2014) or, more classically as in this paper. by a 
moving average filter or running-mean (Cho i and Hidayat 2002b, Holmes el al. 2008). A wide 
literature exists on the most suitable choice of the moving average period T: Choi and Hidayat 
(2002b) investigated the values T = 10-120 s, suggesting that T = 60 s is a suitable choice; Chen 
and Letchford (2005, 2006) recommended T = 32 s ; Holmes el al. (2008) inspected the values T = 

10, 40 and 60 s, suggesting T =40 s; Riera and Ponte (2012) used T = 30 s; Lombardo cl al. (20 14) 
adopted T = 17 and 34 s. A variable-interval time-averag ing approach was prop osed by MCCllllough 
el al. (20 14). ln this pape r, an over-bar denotes a temporal average. 

The mean velocity is driven by the large scale flow and is o ften modelled as determ inist ic; the 
f1uctuating velocity is induced by the small scale turbulence and may be dealt with as a 

non-stationary random process given by 

v'(t)=a,{t)v'(t) (2) 

where cr, is the slowly-varying standard deviation of v" , v' is referred to as the reduced turb ulent 

f1uctuation and is usually dealt with as a rapidl y-varying stationary Gaussian random process with 
zero mea n and unit sta ndard deviation (Chen and Letchfor d 2004). 

The slowly-varying standard deviation cr, is conceptually of medium sea le (Chen and Letch ford 

2004) : on the one hand, it is a pro perty of the f1 uctuation at the turbu lence scale; on the other hand , 
it is driven by the mean wind velocity at the large scale and is thus ofte n modelled as deterministic. 
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The reduced turbulent fluctuation v' , linked with the atmospheric turbulence, is of a small scale. 
There is a wide literature on the propenics of v' . with special concern for the analogies between its 
harmonie content and that of stationary synoptic events (Chen and Letchford 2004, 2005, Holmes 
el al. 2008, Kwon and Karcem 2009, Lombardo el 01.2014) . 

Combining Eq. (2) with Eq, (I l, the wind velocity v may bc rcwritten as 

1'(1) = 1' (1)[1+ l ,(/)V'(/)J (3) 

where I , is referred to as the time-varying turbulence intensity 

1,(I) = U, (/) (4) 
V(t) 

Likewise v and cr" also I,. depends on the moving average period T. In addition, since Iv is 

generally a weakly-dependent function of time, it is rather usual to identify this quantity through its 
average value /v over a suitable averaging time period (Section 6). 

The above wind velocity decomposition coincides with the classical one, usually adopted for 
stationary synoptic events, provided that v and crv arc, respectively, the mean value and the 

standard deviation referred lo an averaging time period T in the order of 10 minutes. 

4. Movin g average period 

The cho ice of the moving average period T should be a compromise between two opposite 
tendencies: if T is too large, the residual fluctuation contains proper elements of the large scale 
wind structure; if T is too small, the time-varying mean part of the velocity involves turbulence 
flucru ations at the small scale. Figs. 4· 7 show the wind velocity decomposition of the 
thunderstorm recorded by the anemometer 3 of the Port of La Spezia on 24 December 20I I; the 
record length is 10 minutes; thc moving average period is T = 10, 20, 30 and 40 s, respectively. 
Panels (aHI) report, respectively, v, v , v' , cr" l v and v' ; panel (a) is the same in the four figures. 

Fig. 4 shows that, for T = 10 s, the time-varying mean part of the velocity involves some 
fluctuations at the small scale, while the residual lluctuation is alrnost totally lacking of any Irend 
associated with the large scale wind structure, Fig. 7 shows that, for T = 40 s, the time-varying mean 
part of the velocity does not contain any fluetuation at the small scale, but the residual fluctuation 
exhibits appareni elements of the large scale wind structure. Figs. 5 and 6, related to T = 20 s and T 
= 30 s, respectively, show intermediate properties according to which the time-varying mean part 
of the velocity involves limited fluetuations al the small scale, while the residual fluctuation exhibits 
limited ele ments of the large scale wind structure. 

In order to elucidate this concept from a different viewpoint, it is worth noting that in the case 
of station ary synoptic events, the spectral gap separates the frequency conlent of the mean and 
fluctuatin g parts of the velocity. It is advisable that the time-varying mean part and the residual 
fluctuation have distinct frequency contents also in the case of non-stationary thunderstorms. Fig. 
8 depicts the separation between the low frequency content of the tirne-varying mean part of the 
wind velocity v and the high frequency content of the residual fluctuation v' related lo the 
thundcrs lorm decompositions in Figs. 4-7. 
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Panels (a)-(d) correspond to T ~ 10, 20, J Oand 40 s, respectively. Each panel shows the diagrams of 

the functions nJF, I ~ , nIF. j2, and nlF,111\..\' where II is the frequency; F, and 1\.. are the Fourier 

transforms of v and v' , respectively, sealed by the I-S peak v . [f the frequency contents of II 

and v' were totally disjoint, 1I 1F;,11}~. ·1 = O. Let us define the quantity 

J = J
m 

nlF,(n)IIF.. (n} ldn	 (5) 

Eq. (5) provides a compac t measure of how much the frequency contents of II and v' are 
disjoint; of course, J depe nds on T. For J tendin g lo zero, the runnin g mean separates the 
frequency contents of II and v' . On increasing J, the frequen cy contents of ii and v' lend to 
overlap. Table 4 shows the mean value and the standard dev iation (std) of J, as func tions of T (in 
the range T ~ 5-60 s), for all the thunderstorm record s 'detected in the POl1S of Genoa, La Spezia 
and Livorno. J approaches its minimum value for T = 30-40 s; the std value of J is almos t 
independent of T. 
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Table 4 Mean and std values of J. for all the thunderstorm records 

T (s) 5 10 20 30 40 60 

Mean(.!} 4.75 4.49 4.31 4.21 4.20 4.28 
Std(.!} 2.82 2.90 2.96 2.91 2.96 2.93 

Table 5 Mean and std values of fl .. I v' , for all the thunderstorm records 

T (s) 5 10 20 30 40 60 

Mean( /-I . ' Iv' ) 0.000 0.000 0.000 0.000 0.000 0.000 

Std( /-I . I v' ) 0.000 0.001 0.00 1 0.002 0.003 0.002 

[t is also suitable that the residual fluctuation v' has an almost zer o mean value, i.e., 1l,' ::C O. 

Table S shows the mean and std va lues of J..l ,. sealed by the l- s peak jl' of v' , as functions of T, 

for all the thun derstorm records detected. As recommended, the mean val ue of J..l .. / v' is very 

close to zero for any T; its std va lue slightly inc rease s with increasing T. 
Finally, since the red uced tur bu lent fluc tua tion ii' is usually dea lt with as a stat iona ry Gaussian 

random process with zero mean and unit standard dev iation, it is adv isable that the runn ing mean 

has mean va lue J..l ;, :::0, standard de viation crv ::: l, skewness y v ::: Oand kurtosis K v ::: 3. Table 
6 shows the mean and std valu es of J..lv" cr;" Y;, and IC... , as functions of T, for all the 
thunderstorm records detected . The above co ndit ions are on averag e well sat isfied for any T. with a 
mo derate exception for the skewness , which is on average Yv ::: 0.1. and the kurtosis, whic h is on 
average K v' ::: 2.8 . The std val ues ofalI the above parameters increase on increasing T. 

Based on all these remarks, and taking into account the suggestions of other au thors . T = 30 s 
seems to be a reasonable choice. The following ana lyses adopt this moving average per iod. 

Fig . 9 sho ws the probability density funct ion (PDF) of ii' for all the 93 thunderstorm records 
detected, compared with the Gau ss ian PDF. The slight detachment from the target curve qua ntifies 
the consequence of a skewness moderate ly lower than Oand a ku rtosis moderate ly lower than 3. 

Table 6 Mean and rms values of ~l ,. , lJ. , Yi' and K,. • for all the thunderstormrecords 

T (s) 5 10 20 30 40 60 

Mean( p ,. ) 0.005 0.001 -0.003 -0.005 -0.008 -0.0 10 

Std(/-I, ) 0.006 0.008 0.0 13 0.OJ9 0.021 0.028 

Mean( cr,,) 1.002 1.003 1.003 1.004 1.005 1.007 

Std( (J. ) 0.005 0.007 0.008 0.010 0.0 12 0.015 

Mean( y,. ) ·0 .046 -0.074 -0.091 -0.096 -0.097 ·0.070 

Std(y ,.) 0.060 0.083 0. 111 0.137 0.156 0.18 1 

Mean( K y ) 2.758 2.790 2.822 2.834 2.844 2.854 

Std( K,.) 0.139 0.182 0.223 0.222 0.243 0.253 
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Fig. 9 PDF of the reduced turbulcnt fluctuations 

5. Thunderstorm duration 

On e o f the mo st debated aspects in literature is the time period duri ng which thunderstorms 
develop their own maximum inten sity. The Andrews AFB downdraft had a ramp-up peri od of 
aboul 90-100 s (Fuj ita 1990); following Choi and Hidayat (2002a) and Kwon and Kareem (2009), 
high thunderstorm wind veloc ities last around 120-180 s; Duranona el al. (2007) found that the wind 
velocity increases ITom 120 to 360 s. and decreases in abo ut 90-480 s; Holmes el al. (200 8) noted that 
high amplitude wind veloc itics occur in appro ximately 100 s; Lombardo el al. (20 14) suggested that a 
suitabl e time period for evaluating thunderstorm parameters is around 60·240 s. Analyt ica l laws and 
discussions aiming to describe the shape of the speed rise-decay were provided for instance by 
Holmes and Oliver (2000), Kwon and Karcem (2009), and Abd- Elaal el al. (20 14). 

Let us introduce the non-dirnensional function 

Y(I)= v(/)	 (6)
V 

m<U 

where v""" is the max imum value o f the slowly-vary ing mean ve locity v . 

Fig. 10(a) shows a typ ica l diagram of y ; the abscissa is shifted so that vmar occurs at l = O. T, 

= - l j and Td = /d are referred to as the thun derstorm increasing (ram p-up) and decreasing time 
period . respectively, l j and ld being the conventional va lues of I for which the most intense pa rt of the 
thunderstorm begins and fin ishes ; T, = Ti + Td is referred to as the tota l duration of the mo st intense 
part of the thunderstorm ; y = 0.6 corresponds to a wind velocity pressure equal to 36 % of its 

maximwn value. Fig. 10(b) shows the ensemble of the diagrams of y for all thc thunderstorm record s 

detecte d; the th ick line corresponds to the mean va lue of y as a func tion of tim e. Table 7 shows 

the mean value, the coeffic ient of variation (cov ) and the minimwn value of T" Td and T, for all the 
thunderstorm records detected by each anemorn eter and the whole monitoring netw ork. 
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Fig. 10 (a) Typical diagram of	 y for a thunderstorm record; (b) ensemble of the diagrams of y for aJI the 
thunderstormrecords investigated andtheirmeanvalue (thick line) 

Table 7 Mean values, covsand minimumvaluesoi T; TJand T, forall the thunderstormrecords 

Pon Anem. Mean(T. l Cov(T.) Min(1;l Mean(T,) Cov(T, ) MIn(T,) Mean(T,) Co\'(1;) Mill(T,) 

No (s) (s) (s) (s) (s ) (s) (s) (s) (s) 

Genea I 102.9 0.70 24.2 105.4 0.71 J 2.3 208.3 0.69 57.0 

146.2 0.66 26.5 171.1 O.4S 37.5 317.3 0 42 84.5 

La 2 119.8 0.43 40.0 92.4 0.59 32.0 212.2 0.24 J3J.7 

Spezia 3 105.4 0.78 26.4 98.8 0.6 1 26.6 204.2 0.60 646 

Livorne I 109.8 0.62 48.4 149.2 0.48 69.6 259.0 0.41 118.0 

55.6 0.44 22.1 149.8 0.69 29.5 205.4 0.48 77.3 

171.2 0.58 513 169.3 0.34 32.5 340.5 0.35 119.5 

4 185.3 0.39 127.4 195.3 0.17 150.0 380.6 0.10 277.4 

76.7 0.92 22 1 J 19.5 0.67 32.6 196.2 0.59 77.8 

All ports 11 6.1 0.72 22.1 131.9 0.59 26.6 248.0 0.52 57.0 

Fig. 10 and Table 7 show the great variability of the functions y ; as such, they can be regarded 
as samples of a non-stationary process. The mean values of Ti, TJ and Tit respectively about 11 6, 
132 and 248 s, are rather consistent with those provided by literature. The minimum values of T;, 
TJ and Tit respectively about 22, 27 and 57 s, ernphasize the possibility that some thunderstorms 
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involve very rapid variations of the wind velocity; on increasing the number of the available 
thunderstorm records, it will be interesting to investigate the correlation between (he thunderstorm 
duration and its intensity. 

Fig. 1O(b) shows that the inner envelope of the diagrams of y closely approximates the shape 

of the half-sine wave function used by Kwon and Kareem (2009) to model the slowly-varying mean 
part of the wind velocity; however, the actual trend corresponding to each different thunderstorm 
record is very different from the above function. 

6. Turbulence intensity 

As noted in Section 3, the time-varying turbulence intensity I" defined by Eq. (4), is usually a 
weakly-dependent function of time; this induced several authors to adopt thunderstorm models in 
which Iv is replaced by its average value Iv over a suitable averaging time period. Referring to an 
averaging time period in the order of 10 minutes. Chen and Letchford (2004) initially proposed to 
assign T. = 0.25, then they adopted Tv = 0.085-0.088 (Chen and Letchford 2007); Chay el al. 

(2006) investigated the range of the values I, = 0.01-0.25. Holmes el al. (2008) argued that, in 
proximity of the maximum value of the running mean, T. = 0.09-0.11 ; differently from the above 
estimates, this value is averaged over a period in the order of T. Literature also contains discussion on 
whether and how much T. depends on the local roughness of the terrain (Wood el al. 200 I> Kim 
and Hangan 2007, Xu and Hangan 2008, Mason el al. 2009, Kwon and Karcem 2009, Vermeirc el 

al. 2011, Orf el al. 2012). Lornbardo el al. (2014)made critical remarks on some contradictory aspects 
reported in literature with reference to 1...The analysis of the turbulence intensities detected for the 
project "Wind and Ports" may provide some useful contributions to this discussion. 

Let us introduce the non-dimensional function 

~ ( / ) = l vi I ) (7) 
t, 

where T. is the value of I; averaged on a lO-minute interval. Fig. II (a) shows the ensemble of thc 
diagrams of ~ for all the thunderstorm records detected; they are extracted in such a way that the 
most intense wind speed occurs for I = 300 s; the thick line corresponds to the mean value of II 
as a function of time. Fig. II (b) shows the cov of II as a function of time. Considering the wide 
variability of the diagrams of ll , it is worth noting that both their mean value and cov are nearly 
independent of time; this implies that each diagram of II can be regarded as a sample function of a 
stationary process. It follows that, in mean terms, the average value of the turbulence intensity T. is 
nearly independent of its averaging time period. 

ln the literature it is usual to assign Iv =Tv, based on its weak dependence on time (Figs. 4-7) and 
the persistentlack of data; this corresponds to assume II = I, namely to identify IIwith its mean value. 
This choice seerns to be questionable for at least hvo reasons. First, as Fig. II shows, the set of the 
samples of II denotes a sort of asyrnrnetry with respect to the mean, typical of a non-Gaussian 
distribution; thus, the mean value of Iv may not represent the best choice to describe this quantity. 
Second, in Eq. (3) Ivmultiplies v' ; dealing with Ivas a function of time is equivalent to introduce a 
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modu lation of v' usually disregarded. Thi s matter deserves more studies espec ially co ncerning 
its consequences on the wind load ing of structures. 

Tab le 8 provides a comparison between the turbulence intensity of thunderstorms and synoptic 
events as detected by each anemo meter and the whole network (Table 2). The first and second columns 
provide the mean value and the cov of the tu rbulence intensity of thunderstorms, T..r.The th ird and 
fourth co lumns provide the same inform ation for the turbulence intensity of synop tic events, J,.s' 
As argued by Holmes el al. (2008) when analysing the Lubboek rear-t1ank do wnđraft of 2002, thi s 
tab le shows that the mean value of the average turbulence intensity of thunderstorms, mean ( ~' .1 ) = 

0.\2, is much lower than that of syno ptic events, mean (J,.J = o.I7. The cov of the average turbulence 
intensity of thunderstorms, cov ( ~' J ) = 0.25, and synoptic events, cov( J,., ) = 0.23, are similar. Other 
eva luations not reported here confirm that the mean value of the turbulence intensity of thunderstorm s 
averaged o ver l -minute interv als centred around the l-s peak ii of v is almost the same of the 
mea n va lue of the turb ulence inte ns ity averaged over ID-minute intervals. Of course, on decreasing 
the averaging time, the cov of the turbulen ce intensity increases. 

F ig. 12 show s, for some anemometers of the w ind monitoring network (Fig. I, Table I), the 

dep endence of the turbu lence intensity J, (le ft ordinate) on the win d direct ion a (abscissa). The 

solid circles refer to the me asured values of the average turbulence intensity ofthunderstorms, T..r; 
the stars re fer to the measured values of the turbulence intensity of synoptic events, J,., . 'The black 

lines with open circles represent numerical estimates of the turbulence intensity, J•.n , at the he ight z = 

h of each anemometer; they are based on the assumption of synoptic events and neutral atmospheric 
conditions, and take into acco unt the local topography and the upwind roughness features (ES DU 1993, 
Castino el al. 2003, Burland o el al. 2007,2010, 2013) . TIle grey lines with open squares repre sent the 
equ iva lent roughness length Zo (right ordinate) evaluat ed, for each anemometer and each wind direction , 
by inverting the relationship : 

(8) J' ,n 
ln (z/zo) 

0" 

::::.. :O'~' o , 
e 

i  o~ . 

o -,00-200-~500-600ioo 200 300 ' 00 SOO-OOC 
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Fig. II (a) Ensemble of the diagrams of II for all the thunderstormrecords investigated and their mean value 

(thick line); (b) coefficient of variation of II 
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Table 8 Mean value and cov of the turbulence intensity 

_~. O 'V ,, Svnoptic events " _Port A ncm orncter nllmr! ~~tn~ c 

No. Mcan(l" ) Cov(l- ,., ) Mcan(!_,t ) Cov(1v.t ) 

Genoa l 0.12 0.49 0.16 0.25 
2 0.12 0.22 0.18 0.20
 

La Spezia 2 0. 17 0.16 0.23 0.09
 
3 0,14 0,25 0,21 0,18
 

Livorno I 0,10 0.41 0.16 0.34
 
2 0.16 0.17 0.19 0.20 
3 0.08 0.14 0.14 0.22 
4 0.07 0.07 0.14 0.35 
5 0.13 0.35 0.17 0.28
 

All parts 0. 12 0.25 0.17 0.23
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Fig. 12 Turbulence intensity and local roughness length as functions of the wind direction 
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Fig. 13Turbulence intensity as 3 function of zlzo 

Thus, =0 values provided by Eq, (8) strictly refer to classical neutral and synoptic wind cond itions. 
At least on average, the measured values of the turbulence inten sity of syno ptic events match rather 
closely Eq . (8), exhibiting a regula r dependence on the wind direction. The average turbulence 
intensity ofthunderstorms does not seem to depend on the wind direc tion also because, for each POl1 

area, mo st of the available data is restricted to specific sectors (Fig . 3). In any case, as shown by Table 
8, the turb ulence intensity of thunders torm s is on ave rage much lower than that of sy noptic events . 

Fig. 13 co llects the results of the analyses into two schernes that provide the turbulence inten sity 
of thunderstorms (a) and synoptic events (b) , respectively, as a function of zlzo; the so lid lines 
correspond to Eq. (8) . As far as thunderstorms are con cerned, the measured turbulence intensity 
does not show any apparent dependence on zlzo. Instead, in spite of a rathe r large spread, synoptic 
events exhibit the classical tren d in accordance with which the measured turbulence intensity tends 
to dimini sh on increasing zlzo. Also Fig. 13 shows that the turbulence inten sity ofthunderstorms is 
on average muc h lower than that of synoptic eve nts. 

T he whole of thi s information po ints out that zlzo. whi ch provides a key pararneterizat ion of the 
planetary boundary layer with reference to synoptic events, plays a limited role in the thunderstorm 
turbulence intensity and, as a consequence, in the thund erstorm wind field . Thi s does not mean , 
howe ver, that the roughness length has negligible importance. Xu and Hangan (2008) carried ou t 
w ind tun nel tests that pointed out the noteworth y ro le o f Dizo, D be ing the diameter o f the 
impingin g jet. Unfortunately, neither the measurements carr ied out in the fram ework of the project 
"Wind and Pa rts" , nor other mon itor ing campaigns, provide enough data on the diameter of the 
thunderstorm downdraft . 
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Fig. 14 PSU of the reduced turbulent fluctuation 

7. Turbulence power spectra l density and integral len gth scales 

Technical literature is rather con sisten t in affirm ing that the PSD o f the reduced turbulent 
fluctuation v' of thunders torms has similar properties to the class ica l PSD of synoptic events 
(Chen and Letchford 2004 , Holmes el al. 200 8, Kwon and Kareem 2009, Lombard o et al. 2014 ). 
However, the discussion eonccrning the integral length scale o f ii' is qui te cont roversial and very 
limited (Orwig and Schroeder 200 7, Lombardo ef al. 20 14) . 

Fig. 14 shows the PSD of ii' for a thunderstorm (a) and a synoptic even t (b); each panel reports 
also the s lope of the curve n-SfJ re lated to the inertial sub- range of sy noptic events (So lari 1987, 
Solari and Piccardo 200 I). Analogous trend s occur for all the thunderstorms and sy noptic even ts 
detected, confirming that their PSDs have simil ar qualitative propcrties. 

The integral length scale of turbulence L; is estimated by fitt ing the experimental PSD of v' 
(w ith unit std) by the mo del proposed by Solari and Picca rdo (2001) for stationary synoptic events 

nš; (11 )= 1/1.. (9) 
,. (I + 1.51/1.. /,l 

S. is the PSD of ii' ; j = nz I v""" is the reduce d frequency in which the mean wind velocity v 
is identified with its maximum value v_ (Choi and Hida yat 2002); J, = 0. 1456z I L; is the 

value ofjfor which nS. is maximum. Fig. 15 shows the typi cal approximations involved by fitting 

the PSD ofa thunderstorm (a) and a synoptic event (b). 
Analogously to Table 8, Table 9 compa res the integral length scale of thunderstorms and syno ptic 

events as detected by eac h anemometer and the whole network. The first and second co lumns provide 
the mean value and the cov of the integra l length scale of thunderstorms, Lv,' The th ird and fourth 

columns provide the sa me information for the integral length scale of sy noptic events, Lv .1 , with 

mean wind velocity above 10 mis . This table points out that the integra l length sca le of thunderstorms 



782 Giovanni Solari. Massimil iano Burlando, Patrizia De Gaetano and Maria Pia Repetto 

is on average much lower than that related to synoptic eve nts. A possible qualitative explanation of this 
remark may be given observing that the integral length scale of turbulence is the average size of its 
eddies; in a PBL flow, the maximum size of eddies is the height of the PBL. Since the outflows of 
thun derstorrns occur in proximity of ground, both the maximum and average size of their eddies are 
potentially smaller than those of synoptic events. The choice of adopting a reduced frequency involving 
the max imum value of the mea n wind veloc ity contributes to decrease the value of the integral length 
scale of thunderstorms. The cov of the integral length sca le of thunderstorms is similar to that of 
synoptic events. Further and deeper studies arc needed to confirm or elari1)' the above remarks. 
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Fig. 15 Matching between the measured and theoretical PSD of the reduced turbulent fluctuation 

Table 9 Mean value and cov of the integral length scale of the turbulence 

Port Anemometer Thund erstorms Synoptic events 
No. Mean(L,.,) (m) ('..ov( i., ) Mcan( Lu) (m) Cov( L,.• ) 

Genoa I 41.5 0.25 137.1 0.38 
2 35.0 0.32 94.0 0.27
 

La Spezia 2 32 .7 0.23 161. I 0.54
 
3 27.5 0.30 169.5 0.48
 

Livorno I 37.7 0.43 128 .6 0.29
 
2 39.3 0.39 100.5 0.35 
3 33.8 0.25 125.8 0.35 
4 32.0 0.29 148.4 0.32 
5 32.6 0.42 112.9 0.29
 

All ports 34.6 0.34 123.1 0.38
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Fig. 16 Integral length scale and local roughness length as functions of the wind direction 

Fig. 16 sho ws, for some ane mometers of the wind monitoring netw ork (F ig. l , Tab le I), the 
dependence of the integra l length sca le L, (left ordinate) on the wind direction a (abscissa). The 

solid circles refer to the measured values of the integral length scale of thunderstorms, L<.I ; the stars 

refer to the measured values of the integral lengt h sca le of synoptic events, Lu ' The grey lines with 

open squares refer to the roughnes s lengths Zo (right ordinate) reported in Fig. 12. The black lines with 
open circles co rrespond to the empirical relationsh ip for synoptic events (Solari and Piccardo 2001) 

(10)t.; (z)= l (~ J (z~ l) 

where v = 0.67 + 0.05 ·ln(zo), I '" 300 m, z = 200 m, Zo is expressed in meters . Even thou gh 
with very large dispersion, the measured val ues of the integral length scale of synoptic even ts on 
average ma tch Eq . (10) . Instead, like the turbulence intensity (Fig. 12), also the integral length scale 
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of thundcrstorms does not exhibit any relevant dependence on the wind direction. ln any case, as 
pointed out by Table9, it is on average much lower than that of synoptic events. 

Fig. 17 colle cts the results of the analyses into two schemes that provide the integral length 
scale of thunderstorms (a) and synoptic events (b), respectively, as a function ofz/zooIt shows that 
neither thunderstorm s nor synoptic events ex.hibit any relevant correlation between L. and z/zoo 
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Fig. 17 Integral length scaleof turbulence as a functionof dzo 
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Characteristics ofthunderstorms relevant to rize wind loading ofstructures 

Based upon this remark, Fig. 18 shows the mean value of the PSD of the reduced turbulent 
fluctuation v' of all the thunderstorm records detected, as a function of the reduced frequency f; it 
ex.hibits a regular trend that closely matches Eq. (9) for! m= 0.055 (thick line). ln this case, the PSD 
of v' assumes the form 

ns; (n) 18!	 ( Il)
(1 +27/)5/3 

Fig. 18 points out an excellent fit in the inertial sub-range, while it does not capture with the 
same precision the low frequency peak. ln part, this may derive from the choice, consistent with 
Eq. (8), of modelling the turbulence PSD by a "b lunt" model instead of a "pointed" model (Olesen 
et al. 1984, Solari and Piccardo 200l); in part this may he an inherent property of thunderstorrns. 

8. Noteworthy wind velocity ratios 

ln the case of synoptic winds, the gust factor G is referred to as the ratio between the peak wind 
velocity ii , averaged over a short time interval 't: (in this paper 't: = I s), and the mean wind 
velocity fT , usuallyaveraged over a time interval t:> T = 10 (G = GIO) or 60 minutes (G = G60) 

G =::"	 (12)
fT 

ln the case of thunderstorms, due to their non-stationary character, the value of the mean wind 
velocity loses meaning and Eq. (12) involves relevant pcculiarities. Chay et al. (2008), Holmes et 
al. (2008) and Lornbardo et al. (20 (4) paid great attention to the definit ion of a gust factor in 
which the mean wind velocity V is replaced by a suitable value of the tirne-varying mean wind 
velocity ii'; since !his quantity depends on the moving average period T, the gust factor of 
thunderstorms is in tum a function of T (Choi 2000, Choi and Hidayat 2002a, Holmes et al. 2008, 
Lombardo et al. 2014). Kasperski (2002) and De Gaetano el al. (20 13) used Eq. (l 2) to classify 
and separate different types of wind events. 

Genera1izing the concept and the definition of the gust factor G, let us introduce three noteworthy 

wind velocity ratios that play a key role in the thunderstorm loading and response of structures 
(Solari et al. 2015). They are defined by the relationships 

v 
R =...!7-	 (13) 

v 

G~ = ~-	 (14) 
v 
""" 

G =~	 ( 15) 
v 

m= 

where Vma" ii and iimar are, respectively, the maximum sampled value of the wind velocity. the 
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l-s peak wind velocity and the maximum value of the slowly-varying mean wind velocity averagcd 
on T = 30 s (Fig. 19); Ć corresponds to the common definition of the gust factor of thunderstorrns. 

Fig. 20 provides the values assumed by R (a), Gma:x (b) and G (c) as functions of z/zo for the 
thunderstonns detected by each anemorneter of the whole network (Table 2); also these quantities do 
not exhibit any apparent dependence on zlz-: Table 10 shows the mean value and the COl' of R, G= 

and Ć . The mean value of R, mean(R) = 1.06, is moderately greater than I, since all the ultrasonic 
anemometers considered here have sampling rate 10 Hz. The mean value of Gma:x, mean(Gma:x) = 1.27, 

is approximately equal to the product of the mean values of Rand Ć. The mean value of Ć , 

mean( Ć ) = 1.20, dcserve s some more remarks. 
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Fig. 19 Typical diagram of the wind velocity of thunderstonns: maximum value, """"" l -s peak, v, and 
maximum value of the mean wind velocity avcragedover T = 30 s, VM M 
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Table 10 Mean values and covs of three notewort hy windvelocity ratios for thunderstorms 

Port Ancmomet er Mean( R ) Cov( R) Mean( G"",, } Cov(G"",,} Mean( G} Cov(G) 
No. 

Genoa l 1.05 0.02 1.25 0.08 1.19 0.Q7 
2 1.06 0.02 1.28 0,05 1.21 0.05 

La 2 1.08 0.03 1.42 0.09 1.32 0.08 
Spezia 3 1.06 0.03 1.30 0.09 1.22 0.07 
Livomo l 1.05 0.03 1.22 0.\ O 1.16 O.OS 

2 1.07 0.03 1.35 O.OS 1.26 0.08 
3 1.05 0.03 1.21 0.06 1.14 0.06 
4 1.04 0,02 !.l5 0.04 1.I l 0.04 
5 1.06 0.03 1.27 0,10 1.20 0.08 

All ports 1.06 0.03 1.27 0.09 1.20 0.08 

Fig. 21 provides the values assumed by G IO (a) and Ć (b), as functions of z/zo. for the synoptic 
events detected by each anemometer of the whole network (Table 2). It is worth noting that the 
measured values of the classical gust factors G IO (Eq. (12») exhibit a relevant dependence on zlz« 
that matches rather closely the solid lines corresponding to the analytical model developed by 
Solari (1993). Instead, the gust factors Ć evaluated for synoptic events as il is usual for 
thunderstorms (Eq. ( 14), T = 30 s) seem to bc almost independent of z/zo ; in addition, they do not 
follow so closely the above analytical model. 

Table II shows a comparison between the mean value and the cov of the gust factors G60 > GIO and 
Ć corresponding to thunderstonns and synoptic events. The comparison between the values of 
G60 and G IO related to thunderstorms and synoptic events shows that the former are much greater 
than the latter; this confirms the efficacy of using these parameters as prelirninary estirnators to 
separate the two phenomena (De Gaetano et al. 20 13); the fact that in thunderstorms G60 is much 
greater than G IO confirms the results provided by De Gaetano et al. (20 13); the fact that in synoptic 
events G60 is rnodera tcly greater than GIO confirms the results obtained by Solari (l ?83). lt is worth 
noting that, at least for a moving average period T = 30 s, the mean value of G is almost the 
same for thunderstorms and synoptic events. The cov always increases with increasing the gust 
factor. 

Table II Mean value andcov of the gustfactors 

Gust factor Thunderstoffi1S :-7_ --,S",Y11=o;;.r;:ptic events 
Mean Cov Mean Cov 

G611 2.58 0.33 1.63 0.14 
G10 1.89 0.2\ 1.49 0.11 

Ć 1.20 0.08 1.19 0.06 
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9. Conclusions 

This paper deal s with the main properties of thunderstorms relevant to wind engineering, with 
special concern for wind actions on structures. These prop erties arc determin ed with refer ence to a 
preliminary set of93 thunderstorm records detected in the Port s of Genoa, La Spezia and Livorn o, 
in the peri od 201 1-20 12, by the moni toring network of thc project "Wind and Ports". 

The wind velocity of thunderstorms is expressed by means of the sum of a tirne-vary ing mean 
part p lus a residual fluctuation. The fluctuati on , in turn , is expr essed as the product of its 
tim e-varying standa rd deviation by a reduced turbul ence component. The extraction of the 
time-vary ing mean wind velocity and standard deviation is carried out by a movin g avera ge filter, 
or running mean, exploring the influence of the moving average peri od in the range T = 5-60 s. 

The analysis shows that any T = 20-40 s on average provides a sa tisfactory separation between 
different flow scales and the low and high frequency content of velocity, gives risc to an almost nil 
mean va lue of the residual fluctuation, makes the reduced turbu lent fluctuation actually stationary 
and Gaussian, excep t for a mea n value of the kurt osis slightly less than 3. T = 30 s seems to 
represent an avera ge and rea son able choice . 

The an alysi s of the slowly-varying mean part of the wind velocity shows extrem e variability. 
The mean valu es of the increasing , decreasing and total duration of the most intense part of the 
thunderstonn, Tj, Tdand T" are about 116, 132 and 248 s, respectively. The minimum values of T.., 
Td and Th re spect ive ly about 22, 27 and 57 s, poin ts out the possibil ity that some thunderstorms 
may involve exceptiona lly rapid variations of the wind velocity. 

The ch o ice of identifying the tirne-varying turbulence intensity of thunderstonns with its mea n 
value, fre quently adop ted by litera ture, deserves some more cons idera tion, especially with 
reference to its consequences on the wind load ing of structures. 

Characterist ics ofthunderstorms relevant 10 the wind loading of struc tures 

The mean turbulence intensity of thunderstorm s (I ,. = 0.12) is on average much low er than that 
of synoptic events (l ,. = 0.17); in addition, it does not exhibit any relevant dep endence on the rati o 
between the height above ground and the roughn ess length of the terrain . 

The pow er spectral den sity of the reduce d turbu lent fluctuation of thunderstorms shows an 
almost per fect similarity with that of synoptic events in the inertial sub -ran ge . The integral length 
sca le of the reduced turbu lent l1uctuation of thunderstorms (L. = 35 m) is on average much lower 
than that of synoptic events (L,. = 123 m); in addition, as the turbulence intensity, it does not 
exhi bit any relevant dependence on the ratio betw een the he ight above ground and the roug hness 
length of the terrain. 

A prelirninary expression of the power spectral densi ty of the reduce d turbulent fluctu ation of 
thunderstorm s is proposed. Compared with experimental mea sur es, it exhibits an excellent fit in 
the inertial sub-range, while it does not capture with the same preci sion the low frequency peak. 

Finally, this pape r repo rts the mean values and the coeffici ent of vari ation of three noteworthy 
wind velocity ratios that play a key role in the eva luation of thund erstorm actions on structures; 
also these quantities do not exhibit any relevant dependence on the ratio between the height above 
ground and the roughne ss length of the terrain . It is worth noting the variability of the gust factor 
depend ing on its defin ition and on the typ e of the wind event considered. 

Studies are in progr ess to enrich analyses by a large amount of measured data not yet examined. 
They aim at impr oving and extending the stati stical analysis of the characteri stics ofthunderstorms 
relevant to the wind load ing of structures investigating, among other aspects, their dependence on 
the wind veloc ity. 

Ac know ledgments 

The data exploited for this research has been record ed by the wind monitoring ne twork of the 
projects "Wind and Ports" and "W ind, Port and Sea", financed by European Territo rial Cooperation 
Objective, Cross-borde r program Italy-France Maritime 2007-201 3. Authors thankfully acknowledge 
the cooperation of the Port Authorities of Genoa, La Spezia, Livorno, Sa vona and Bas tia. 

References 

Abd-Elaal, E.S., Mills, J .E. and Ma, X. (2014), "Empirical models for predicting unsteady-state down burst 
wind speeds", J. Wind Eng. Ind. Aerod., 129, 49-63. 

Burlando, M., Carassale, L., Georgieva, E., Ratio, C.F. and Solari, G. (2007), UA simple and efficient 
procedure for the numerical simulation of wind fields in complex terrain", Bound. Lay. Meteorol., 125(3), 
417-439. 

Burlando, M., Freda, A., Ratio, C.F. and Solari, G. (2010), "A pilot study of the wind speed along the 
Rome-Naples HSfI-IC railway line. Part I - Numerical modelling and wind simulations", J. Wind Eng. Ind. 
Aerod., 98, 392-403. 

BurJando, M., De Gaetano, P., Pizzo, M., Repeuo, M.P., Solari, G. and Tizzi, M. (2013), "Wind climate 
analysis in complex terrain", J. Wind Eng. Ind. Aerod., 123, 349-362. 

Burlando, M., Pizzo, M., Repeuo, M.P., Solari, G., Dc Gaetano and P., Tizzi, M. (2014), "Short-tcon wind 
forccasting for the safety management of complex areas during hazardous wind events", J. Wind Eng. Ind. 
Aerod., 135, 170-181. 



790 791 Giovanni So /ari, Massimiliano Bur/ando. l'arrizia De Gaetano and Maria Pia Repe tto 

Burlando, M., De Gaetano, P., Pizzo, M" Repetto, M.P., Solari, G, and Tizzi, M. (2015) , "The European 
project ' Wind, Port and Seas '", Proceedin gs of the l4rh Internat ional Conference on Wind Engineering, 
Porto Ale gre , Brasil. 

Cas tino, F., Rusca, L. and Solari, G. (2003), "Wind climate micro-zon ing: A pilot app lication to Liguria 
Region (North-Western Italy)", J. Wind Eng. Ind. Aerod., 91, 1353- 1375. 

Chay, M.T., Albermani, F. and Wilson, 13. (2006), "Numerical and analytical simulation of downburst wind 
loads" , Eng Struct. , 28(2), 240-254. 

Chay, M.T., Wilson, R. and Albermani, F (2008), "Gu st occurrence in simulated non-sta tionary winds", J. 
Wind En g Ind. Aerod., 96(10-1 1), 2161-2172 . 

Chen, L. and Letchford, C.W. (2004), "A determi nistic-stochastic hybrid model of downbursts and its 
impact on a cantilevered structure" , Eng. Struct., 26(5), 619-629 . 

Chen, L. and Letchford, C.W. (2005) , "Proper orthogonal decomposition of two vert ical profiles of full-sca le 
nonstationary correlated downb urst wind speeds", J. Wind Eng. Ind. Aerod., 93(3), 187-266. 

Chen, L. an d Letchford, C.W. (2006), "Multi-sca le correlation ana lyses of two lateral profiles of full-sc ale 
downburst wind speeds", J. Wind Eng. Ind. Aerod., 94, 675-696 . 

Chen, L. and Letchford, C.w. (2007), "Numerical simulation of extreme winds from thunderstorm downbursts" , 
J. Wind Eng. Ind. Aerod., 95, 977-99 0. 

Choi, E.C.C. (2000) , "Wind characteristics of tropical thundersto rrns" , J. Wind Eng Ind. Aerod., 84, 215-226. 
Choi, E.C ,C. (2004), "Field measurement and experimenta l study of wind speed durin g thunderstorms", J. 

Wind Eng. Ind. Aerod., 92, 275-290. 
Choi, E.e.C. and Hidayat, F.A, (2002a), " Gust factors for thunderstorm and non-thunderstorm winds", J. 

Wind Eng Ind. Aerod., 90, 1683- 1696. 
Choi, E.C .e. and Hidayal, F.A. (2002b), "Dynam ic response of structures to thunderstorm winds", Prag. 

Struct. Eng. Mat., 4(4), 408-4 16. 
De Gaetano, P., Repeuo, M.P., Repcuo, T. and Solari, G. (20 13), "Separation and classification of extreme 

wind events from anemometric data" , J. Wind Eng . Ind. Aerod., 126, 132-143. 
Duranona, V., Sterling, M. and Baker, CJ . (2006), "An analys is of extreme non-synoptic winds", J. Wind 

Eng Ind Aerod. , 95,1 007-1027. 
Engi neering Sciences Dala Unit ( 1993), Computer program for wind speeds and turbu lence properties: .170/ 

or hill sites in terra in with roughness changes , ESDU Item 92032, London, U.K. 
Fuj ita, T .T . (1990), "Downburst: meteoro logica l features and wind field characteristics" , J. Wind Eng. Ind. 

Aerod. , 36 , 75-86 . 
Geerts, B. (200 1), "Es tirnating downbu rst-rel ated maxim um surface wind speeds by means of prox irnity 

soundin gs in New South Wales, Australia", Weather Forecas t, 16(2), 261-269. 
Gunter, W.S. and Schroeder, J.L. (2013), "High-resolution full-scale measurements of thunderstorm outflow 

wind s" , Proceedings ofthe l Zth Americas Conference on Wind Engineering, Seattle, Washington. 
Holmes, J .D. and Oliver, S.E. (2000), "A n ernpirical mode l ofa downburst" , Eng Struct., 22(9), 1167- 1172. 
Holmes, J .D., Hangan, H.M., Schroeder, J.L., Letchford, C.W. and Orwig, K.D. (2008), "A forensic study of 

the Lubbock-Rcese downdraft of 2002", Wind Stru ct., 11(2), 19-39. 
Kasperski , M. (2002), "A new wind zone map of Germany", J. Wind Eng. Ind. Aerod. , 90, 1271-1287. 
Kim, J. an d Hangari, H. (2007 ), "Numerica l simulations of irnpinging j ets with application to downbursts't . Z 

Wind Eng. Ind. Aerod., 95(4), 279-298. 
Kwon, D.K. and Kareem, A. (2009), "Gust-front factor: New framework for wind load effects on structu res", 

J. Struc t, Eng.- ASCE, 135(6), 717-732. 
Lombard o, F.T., Smith, DA., Schroeder, J.L. and Mehta, K.e. (2014), "Thunderstorm characteristics of 

importa nce lo wind engineering", J. Wind Eng. Ind. Aerod., 125, 121-132. 
Mason, M .S ., Wood, G.S. and Fletcher, D.E (2009), "Numerical simulation of downburst winds" , J. Wind 

Eng. Ind. Aerod. , 97, 523-539 , 
McCullough, M., Kwon, D.K., Kareem, A. and Wang, L. (20 14), "Efficacy of averaging interva l for 

nonstationary winds", J. Eng. Mech.- ASCE, 140( I), 1-19. 
Olcsen, H.R ., Larsen, S.E. and Hojstrup , J. ( 1984), " Mode lling velocity spectra in the lower part of the 

Characteristics ofthunderstorms relevant 10 the wind loading ofstructures 

planetary boundary layer", Bound. - Lay. Meteorol., 29(3 ), 285-312 . 
Orf, L., Kantor, E. and Savory, E. (20 12), "Simulation of a downburst-producing thunderstorm using a very 

high-resolution three-dimensional cloud model", J. Wind Eng. Ind. Aerod., 104-106, 547-557. 
Orwig, K.D. and Schroeder, J.L. (2007), "Near-surface wind characteristics of extreme thunderstorm outflows", 

J. Wind Eng. Ind. Aerod., 95, 565-584. 
Riera, J.D. and Ponte, J. Jr. (20 12), "Recent Brazil ian research on thund erstorm winds and their effec ts on 

structural design", Wind Struct., 15(2), 111-129. 
Solari, G. (1987), "Turbulence modeling for gust loading" , J. Struct. Eng.- ASCE, 113(7), 1550-1569. 
Solari, G. ( 1993), "Gust buffeting. I: peak wind velo city and equ ivalent pressure", J. Stru ci. Eng. - ASCE, 

119(2),365-382. 
Solari, G. (2014), " Emerging issues and new sccnar ios for wind loading on structures in mixed clima tes", 

Wind Stroct., 19(3), 295-320. 
Solan, G., De Gaetano, P. and Repetto, MJ>. (20 15), "Thunderstorm response spectrum: fundame nta ls and 

case study ", i. Wind Eng. Ind. Aerod., 143, 62-77. 
Solari, G. and Piccard o, G. (200 1), "Probabilistic 3-0 turbulence modeling for gust buffeting of structures " , 

Prob. Eng. Mech., 16(1), 73-86, 
Solari, G., Repetto, M.P., Burlando, M., De Gaetano, P., Pizzo, M., Tizzi, M. and Parodi, M. (20 12), "Th e wind 

forecast for safety and manage ment of port areas", J. Wind Eng. Ind. Aerod., 104-106, 266-277 . 
Solari, G. and Tubino, F. (2002), "A turbu lence model based on pri ncipal components" , Prob. Eng. Mech., 

17(4), 327-335. 
Vermeire, B.C., Orf, L.G. and Savory, E. (20 11 ), "Improved modeling of downburst outflows for wind 

engineering applications using a cooling source app roach", J. Wind Eng. Ind. Aerod., 99, 801-814 . 
Wood, G.S ., Kwok, K.e.S., Moueram, N.A. and Fletcher, D.F. (200 1l, " Physica l and numerical mode lling of 

thunderstorm downburs t", J. Wind Eng. Ind. Aerod., 89, 535-552. 
Xu, Z. and Hangan, H. (2008), "Scale, boundary and inlet condi tion effec ts on impinging jets". J. Wind Eng . 

Ind. Aerod., 96, 2383-2402. 

iH 




