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ABSTRACT
The Mediterranean is a ‘‘hot spot’’ for the genesis of different types of severe weather events, including
potentially damaging wind phenomena like downbursts, whose occurrence and evolution in this geographical
region have not been documented in the literature. This paper is part of an interdisciplinary collaboration
between atmospheric scientists and wind engineers with the objective of conducting a comprehensive analysis
of the field measurements and weather scenarios related to nonsynoptic wind systems in this area. The
downburst that struck the Livorno coast of Italy at about 1310 local time 1 October 2012 is investigated as a
relevant test case for such severe wind events. The wind velocity records detected by ultrasonic anemometers,
part of a monitoring network created for the European ‘‘Wind and Ports’’ and ‘‘Wind, Ports and Sea’’ projects,
are analyzed and decomposed in order to inspect the main statistical features of this transient event. The analysis
of the meteorological precursors to this event is carried out making use of model analyses, standard in situ
measurements, remote sensing techniques, proxy data, and direct observations. The results obtained bring new
insights into a downburst’s onset and detection in the Mediterranean, its evolution at the local scale, and possible
connections to specific synoptic-scale weather conditions like secondary cyclogenesis in the lee of the Alps.

1. Introduction
The Gulf of Genoa is a well-known cyclogenesis area
(Trigo et al. 2002). Moreover, the Mediterranean basin
has the highest frequency of occurrence of cyclones
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around the globe (Petterssen 1956; Radinović 1987).
Ground-breaking studies on this subject performed by
Petterssen (1956) and Klein (1957) demonstrated that
the Mediterranean, and the western Mediterranean in
particular, are areas characterized by very high cyclonic
activity in winter. In the late 1980s, Radinović (1987)
and Genoves and Jansà (1989) reported that the number
of cyclones in the western Mediterranean is even larger
than previously documented. Furthermore, Radinović
(1987) demonstrated that Mediterranean cyclones are
one of the major climate and weather factors in the
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Mediterranean. These findings were later refined using a
number of objective methods for cyclone detection and
tracking (e.g., Maheras et al. 2001; Flocas et al. 2010;
Kouroutzoglou et al. 2011; Romanić et al. 2016a). Although Mediterranean cyclones should not be confused
with extratropical cyclones that form in the North Atlantic (Trigo et al. 1999), they are nevertheless associated with a number of severe weather phenomena in the
Mediterranean and nearby regions (Lionello et al.
2006). Detailed investigations of extreme weather in the
Mediterranean are of particular importance since this
region is identified as one of the two most susceptible
regions for the predicted climate changes (Giorgi 2006).
Downbursts, although being severe weather phenomena, have not been extensively researched in the
Mediterranean when compared to the research oriented
toward the local winds in that region (Burlando 2009).
These weather phenomena are defined as strong
downdrafts originating from thunderstorm (cumulonimbus) or other cumuliform clouds (e.g., altocumulus
or cumulus) (Byers and Braham 1949). Damaging surface winds in intense downbursts can be as high as
75 m s21 (Fujita 1990). Yet another classification of
downbursts is as wet or dry depending on whether
downburst events are accompanied by precipitation or
not, respectively. It has been observed that dry downbursts are typically produced in high-based cumulonimbus or altocumulus clouds (Wakimoto 1985),
whereas wet downbursts are usually associated with
well-developed thunderstorms (Atkins and Wakimoto
1991; Straka and Anderson 1993). Dry downbursts occur
when the ambient temperature lapse rate below the
cloud base is close to dry adiabatic or even superadiabatic in the surface boundary layer (Wakimoto
1985). While descending below the cloud base, the
downdraft temperature first increases following the
moist-adiabatic lapse rate until all raindrops evaporate,
after which the temperature follows the dry-adiabatic
lapse rate. In contrast to this dry microburst sounding
model, the subcloud dry-adiabatic layer is shallower and
the lower-atmospheric levels are moister when wet
downbursts occur (Proctor 1989).
Most downburst-related studies are based on or validated against the meteorological data obtained above
the continental parts of the United States [e.g., the
abovementioned pioneering studies performed by
Byers, Braham, and Fujita, and many others carried out
by Goff (1976), Wakimoto (1985), Hjelmfelt (1988),
Holmes et al. (2008), Lombardo et al. (2014), and
Gunter and Schroeder (2015)], the Asia–Pacific region
(Gomes and Vickery 1976; Sherman 1987; Takayama
et al. 1997; Choi 1999, 2004; Geerts 2001; Rowcroft
2011), and a few continental parts of Europe (Järvi et al.
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2007; Pistotnik et al. 2011), while none has used meteorological data in the Mediterranean as of yet. Therefore, while greatly contributing to our understanding of
the downburst phenomena, the results presented in
these studies may have limited geographical applicability. Namely, it is known in meteorology that the microphysics of cumuliform clouds sometimes significantly
vary from one geographical region to another (You et al.
2016). Since downbursts are closely coupled with the
existence of cumuliform clouds, it is important to understand the geographical precursors for these nonsynoptic storm systems through comprehensive research
over different areas around the globe. The Mediterranean region, being a ‘‘hot spot’’ for different types of
severe weather within the contexts of climate change
(Giorgi et al. 2001; Giorgi 2006), heavy rains (Jansa et al.
2001), torrential rains (Alpert et al. 2002), windstorms
(Nissen et al. 2010), storm surges (Lionello 2005, 59–65),
and lightning (Kotroni and Lagouvardos 2016), is
therefore of particular importance and the present study
aims at bringing presenting insights into downburst
meteorological and surface wind aspects related to this
region. Here, a hot spot is defined as a region whose
climate is particularly responsive to global change
(Giorgi 2006) and severe weather.
In parallel with the extensive research carried out in
the atmospheric sciences on the physics and weather
precursors of downbursts and transient severe wind
events, a number of studies have been performed in
wind engineering with reference to the wind loading and
response of structures to these phenomena (Letchford
et al. 2002). Despite this fact, however, the knowledge of
their impact on the built environment is quite fragmentary, and a robust and shared framework is still
lacking (Solari 2014). This happens because the complexity of downbursts and nonsynoptic events makes it
difficult to establish physically realistic and simple engineering models of the time–space variations of their
wind velocity fields. Their short duration and small size
make a limited number of reliable data available. Thus,
wind loading on structures is mainly still evaluated by
means of the model introduced over half a century ago
by Davenport (1961) with regard to synoptic cyclones.
To shed new light on this crucial issue and to contribute to our knowledge on downbursts and nonsynoptic
severe wind events in an area of the Mediterranean region (i.e., the Ligurian and northern Tyrrhenian Sea),
systematic research has recently been undertaken
thanks to the creation of an extensive, permanent, and
high quality wind monitoring network (section 2) realized for two European Union (EU) projects, ‘‘Wind
and Ports’’ (WP; Solari et al. 2012) and ‘‘Wind, Ports and
Sea’’ (WPS; Repetto et al. 2017), which took place in the
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period between 2009 and 2015. The Wind Engineering
and Structural Dynamics (Windyn) research group at
the University of Genoa, which realized these two EU
projects and their monitoring network, initially implemented a semiautomatic procedure that separates intense wind events (Gomes and Vickery 1978) into three
families (De Gaetano et al. 2014): 1) stationary Gaussian
records, basically related to synoptic phenomena;
2) transient nonstationary non-Gaussian records, potentially caused by thunderstorm and convective events; and
3) intermediate records, endowed with typical stationary
non-Gaussian features. To process a large amount of
data, a separation criterion based on a reduced set of
synthetic parameters was adopted (Riera and Nanni 1989;
Twisdale and Vickery 1992; Choi and Tanurdjaja 2002;
Kasperski 2002; Cook et al. 2003; Durañona et al. 2007;
Lombardo et al. 2009) instead of conducting meteorological analyses of multiple events. Based on this tool,
a set of transient wind records has been gathered and
submitted for statistical evaluations, with the aim of defining the main characteristics of thunderstorms relevant
to the wind loading of structures (Solari et al. 2015a).
These characteristics have formed the base upon which a
novel method to determine the dynamic response of
structures to thunderstorm downbursts has been formulated (Solari et al. 2015b; Solari 2016).
Despite its inherent merits, this approach clearly
suffers two main shortcomings. The first one is the lack
of systematic analyses of the meteorological conditions
during thunderstorms. This is a result of the different
viewpoints in these two disciplines. In wind engineering,
which is mainly oriented to evaluating aerodynamic
loads on structures, wind data are usually collected and
processed in statistical form, focusing on the limited
portion of the atmosphere that includes the built environment, and a comprehensive study of the larger-scale
weather phenomena is rather unusual. Atmospheric
sciences, oriented toward the analysis of the genesis,
morphology, and life cycle of thunderstorms, usually
concentrate on the larger scales of atmospheric processes, where the wind is just one of the variables and the
surface layer is often treated through integral parameters only. As a result, the scales of motion that the two
disciplines focus on are quite different.
The second shortcoming concerns the fact that the
single-point time evolution of these phenomena measured with high-sampling-rate sensors can be studied in
detail, whereas the limited number of anemometric
stations does not allow a detailed description of their
evolution in space. Both shortcomings point out the
relevant gap that still exists between wind engineering
and the atmospheric sciences (Solari 2014), as well as the
unexplored potential for filling such gap.
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Traditionally the spatial structure of downbursts has
been physically simulated by creating an impinging jet
over the floor of a test chamber (Wood et al. 2001; Chay
and Letchford 2002; Letchford and Chay 2002; Mason
et al. 2005; Xu and Hangan 2008; Sengupta and Sarkar
2008; McConville et al. 2009) or tentatively by reproducing only the downburst outflow with a wall jet by
modifying the axial flow of a wind tunnel (Lin et al.
2007). In any case, these facilities generate small-scale
downbursts in which capturing the details of the outflows and especially the turbulence structure is almost
impossible (Zhang et al. 2013). The Wind Engineering
Energy and Environment (WindEEE) Dome at Western University, in London, Ontario, Canada, is a unique
facility designed to physically simulate downbursts
(Hangan 2014). It also offers the unique opportunity to
clarify the crucial role of scale effects (Xu et al. 2008;
McConville et al. 2009) through comparison with results
obtained in other laboratories.
Computational fluid dynamics (CFD) simulations
have been applied through full-cloud, subcloud, and
impinging wall jet models. The full-cloud model (Orf
et al. 2012) offers a comprehensive representation of the
whole phenomenon, but fails in allowing fine resolution
close to the ground. While it is an important tool for
atmospheric sciences, it currently cannot provide relevant information to wind engineering. Thus, wind engineering adopts subcloud (Orf and Anderson 1999; Lin
et al. 2007; Mason et al. 2010; Vermeire et al. 2011) and
impinging jet (Letchford and Chay 2002; Kim and
Hangan 2007; Sengupta and Sarkar 2008; Sim et al. 2016)
models relaying on the Reynolds averaged Navier–
Stokes (RANS) and large eddy simulation (LES) techniques. Finally, numerical weather prediction (NWP)
models are used to simulate atmospheric processes on
scales much larger than the downburst-specific models
(Lorente-Plazas et al. 2016; Romanić et al. 2016b). As
the horizontal grid size in NWPs is typically on the order
of 2 km or larger, it is common practice to parameterize
the whole cumulus convection process inside the domain. In these situations, the downbursts are subgrid
processes.
The huge amount of field measurements provided by
the WP and WPS projects represents a great opportunity
to analyze these events from a multiscale perspective,
using these data as the basis for storm reconstruction
and interpretation, as well as serving as a database for
future calibration of physical and CFD simulations of
real downburst events. The present work is part of a
collaboration between Windyn (University of Genoa)
and WindEEE (Western University) carried out as an
interdisciplinary effort between two groups involving
atmospheric scientists and wind engineers, with the
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FIG. 1. (a) Map of the northern Mediterranean basin with the international nomenclature of its subbasins, positions
where waterspouts occurred on 1 Oct (blue triangles), location of the meteorological radar on Elba (red circle), and
positions of cities that are part of the WP measurement network (magenta squares). (b) Map of Livorno with the
locations of anemometers LI.01, LI.03, LI05 (yellow circles), and the Laboratorio di Monitoraggio e Modellistica
Ambientale (LaMMA) meteorological station (orange circle). See Table 1 for anemometers’ coordinates.

objective of conducting a comprehensive analysis of
field measurements and weather scenarios related to
nonsynoptic wind systems in the Mediterranean. In this
paper, the downburst event that struck the Livorno coast
of Italy at about 1210 UTC (i.e., 1310 local time) 1 October 2012 is investigated as a test case and a first step
toward inspecting the potential of this collaboration.
This study uniquely couples synoptic analysis, which
describes the atmospheric conditions on large scales
prior to and during the downburst event, with the nearsurface statistical analyses of the anemometric records,
which characterize the transient nature of the downburst
on small scales.

2. Field measurements
a. Monitoring network, dataset, and test-case event
WP (2009–12) and WPS (2013–15) were two European
projects carried out by Windyn at the University of
Genoa (Solari et al. 2012; Repetto et al. 2017) in cooperation with the port authorities of the main commercial ports in the Ligurian Sea and the northern Tyrrhenian
Sea, namely Genoa, Savona, La Spezia, Livorno, and
Bastia (Fig. 1a). The anemometric monitoring network is
made up of 28 ultrasonic anemometers, three weather
stations (equipped with an ultrasonic anemometer, barometer, thermometer, and hygrometer), and three lidar
wind profilers. This monitoring network constitutes a
unique opportunity to detect thunderstorm records, to
analyze their results on a statistical basis, and to select
specific events of particular interest.
De Gaetano et al. (2014) implemented a semiautomated procedure to extract a selective database of

strong wind events that could be considered to a reasonable extent thunderstorm related. Using this procedure, Solari et al. (2015a) identified 64 independent
thunderstorms based on nine anemometric datasets
between 2011 and 2012. These thunderstorm events
were analyzed in order to study their main characteristics relevant to the wind loading of structures. More
recently, the analysis has been extended to 14 anemometers between 2011 and 2015, and over 200 transient nonstationary events related to independent
thunderstorms or strongly convective events (Zhang
et al. 2017). However, so far no single event has been
analyzed individually from a meteorological point of
view. Here, one of these events, identified by Solari et al.
(2015a) in the area of the port of Livorno, has been selected for a comprehensive phenomenological investigation. This event was measured by more than two
anemometers, in the only monitored area that is not
topographically complex.
The selected event was recorded by three of the five
anemometers monitoring the Livorno site (Table 1), as
two instruments were out of order at that time. All the
instruments are three-axial ultrasonic anemometers
with a 10-Hz sampling rate and wind speed and direction
precision of 0.01 m s21 and 18, respectively. Their position was selected in order to register undisturbed wind
velocity time histories. The locations of the three anemometers that recorded the event of 1 October (i.e.,
LI.01, LI.03, and LI.05) are shown in Fig. 1b.
Figure 2 shows the time series of wind speed y and direction a recorded by these anemometers. The order
(from top to bottom) of the time series has been chosen to
follow the chronological occurrence of this meteorological
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TABLE 1. Full composition of the anemometric monitoring
network in the port of Livorno during 2012. The positions of the
LI.01, LI.03, and LI.05 anemometers are indicated in Fig. 1b.

Code

Geographical coordinates
(l, f) (8N, 8E)

Position

Height above
ground (m)

LI.01
LI.02
LI.03
LI.04
LI.05

(43.570, 10.301)
(43.583, 10.307)
(43.558, 10.290)
(43.541, 10.294)
(43.580, 10.319)

Tower
Tower
Tower
Tower
Buildinga

20
20
20
20
75

a

The anemometer is on top of an antenna mast, 2.5 m above the
building roof.

event: the anemometer LI.03, which is the closest to the
sea, was the first to measure the wind speed increase
that occurred at around 1209 UTC, as indicated by the
vertical dashed line in Fig. 2a; the anemometers LI.01
and LI.05, which are gradually farther from the coast
(see Fig. 1b), measured the same ramp and peak at
about 1211 UTC (Fig. 2c) and 1215 UTC (Fig. 2e), respectively. The steady increase in wind speed before
the downburst is due to the approach of a gust front
that precedes the thunderstorm (Droegemeier and
Wilhelmson 1987; Mueller and Carbone 1987). The first
maximum value of the peak slightly decreases from the
sea toward the land (i.e., from LI.03 to LI.05). The wind
direction, which was about from the north until 1150 UTC,
backed 908 (i.e., west) at the peak occurrence and then
veered to the original direction. The entire event lasted
about 20–30 min.
This description resembles a nonstationary event that
originated over the sea, and moved inland east or
northeastwardly. A spike stronger than the first peak
occurred a few minutes after (at LI.03 and LI.05) or
concurrent to the peak itself (at LI.01), which may be
interpreted as a small-scale jetlike downburst embedded
within the larger-scale main downdraft (Fujita 1986;
Sherman 1987; Hjelmfelt 1988). Most likely the spike is
not caused by a local random fluctuation of wind speed
(see also section 2b) since it is observed at all three
stations and it is associated with an abrupt clockwise
change in wind direction, as clearly illustrated in Figs. 2b
and 2f. The wind direction shifts between the first peak
and the spike are abrupt (Sherman 1987) and approximately 908 and 1308 at LI.03 and LI.05, respectively.
Despite the phenomenon considered here being a
single event from the Mediterranean, it is worth comparing the records reported in Fig. 2 to downbursts
measured in other parts of the world. The wind records
from the United States (Goldman and Sloss 1969;
Charba 1974; Wakimoto 1982; Fujita 1981, 1985; Gast
and Schroeder 2004; Holmes et al. 2008) and Singapore
(Choi 2004) seem to have either a constant background
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wind speed or a sudden drop in wind speed prior to the
downburst. Conversely, the wind records in Figs. 2a and 2c
are characterized by a steady increase in wind speed before reaching the downburst ramp up. In these two cases,
the wind speed increased by approximately 5 m s21 between 1145 and 1205 UTC and from 1200 to 1210 UTC,
respectively. Simultaneously, the wind direction steadily
shifted in a counterclockwise direction, reaching approximately 2808–2908 before the ramp up at both anemometers (Figs. 2b and 2d).
The reported measurements in Fig. 2 seem to differ
from downbursts measured across the continental parts
of Europe as well (Järvi et al. 2007; Pistotnik et al. 2011).
The downburst recorded in southern Finland (Järvi et al.
2007) was characterized by an intense gust front prior to
the downburst, but it lacks the secondary peak in two out
of three wind speed records. Surveying the fallen trees
around the measuring site, Järvi et al. (2007) concluded
that their instruments most likely did not capture the
maximum velocities, therefore suggesting the existence
of highly localized small-scale downbursts embedded
within the parent downburst. Field measurements from
Austria (Pistotnik et al. 2011) show two pronounced
peaks in both mean and peak wind speeds, but the speed
seems to rapidly decrease prior to the downburst. This
deceleration of winds prior to the gust front occurs
in situations when the front propagates into strong opposing winds (Mahoney 1988). The background winds in
the data reported by Pistotnik et al. (2011) were approximately 3 m s21 larger than in the present case.
The anemometer records in Fig. 2, instead, look very
similar to the graphs of a weak downburst measured at a
suburban area of Brisbane, Australia (Sherman 1987).
The wind speed and direction time series at LI.03
(Fig. 2a) are almost identical to the measurements reported by Sherman (1987) at 10 m AGL (Fig. 3). Sherman
also measured a temperature decrease of a few degrees
Celsius concurrent to the ramp-up time as well as rainfalls
during the whole event, both very similar to the measurements presented in section 3b.
Wakimoto (1982) analyzed several data records of
weak downbursts measured outside of Chicago, Illinois,
using a Doppler radar, radiosondes, and a network of
surface measurements. He classified the life cycle of a
downburst into four stages (formative, early mature, late
mature, and dissipative) and presented measurements
for each of these stages. It seems that the reported event
resembles downbursts at stages II and III, which are
characterized by sudden shifts in wind directions before,
during, and after the downbursts, as well as wind speeds
between 10 and 30 m s21. However, his analysis also
shows a noticeable decrease in wind speed prior to the
arrival of the downburst with the first peak always being
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FIG. 2. (left) Wind speed and (right) direction measured by the (a),(b) LI.03; (c).(d) LI.01; and (e),(f) LI.05
anemometers of the port of Livorno monitoring network from 1130 to 1230 UTC 1 Oct 2012. Vertical dashed lines
show the approximate times of the gust front passage.

the most pronounced. None of these two features have
been observed in the presented case.
The pronounced spike after the first well-defined peak
(Figs. 2a,e) has been numerically simulated by Orf et al.
(2012). Using a nonhydrostatic LES cloud model (Bryan
and Fritsch 2002), they showed a steady increase in wind
speed prior to the nonsteady and highly fluctuating
downburst peaks, similar to anemometer records in
Fig. 2. They reported the existence of a pronounced
spike after the first downdraft at a reference point

situated along the east flank of the downdraft, whereas
the same pattern has not been observed along the west
flank of the downdraft.

b. Signal analysis
To inspect the characteristics of the wind speed records
shown in Fig. 2, the classical decomposition rule of transient
wind velocity signals (Choi and Hidayat 2002; Chen and
Letchford 2004; Holmes et al. 2008; Kwon and Kareem
2009; Solari et al. 2015a) is herein applied (Figs. 3–5):
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FIG. 3. (top) Slowly varying mean wind velocity, (middle) residual fluctuation, and (bottom) slowly varying standard deviation, as
extracted from the records detected by the (a),(d),(g) LI.03; (b),(e),(h) LI.01; and (c),(f),(i) LI.05 anemometers of the port of Livorno
monitoring network from 1130 to 1230 UTC 1 Oct 2012. Vertical dashed lines show the approximate times of the gust front passage.

y(t) 5 y(t) 1 y0 (t) ,

(1)

where t 2 [0, DT] is the time; DT 5 1 h is the period
during which the signals are examined; y is the slowly
varying mean wind velocity, related to the lowfrequency content of y; and y 0 is the residual fluctuation, related to the high-frequency content of y.
The slowly varying mean wind velocity is driven by
the large-scale flow. It is often modeled as deterministic
and is filtered from the initial signal by a moving average process. The residual fluctuation is induced by the

small-scale turbulence and is usually dealt with as a
nonstationary random process defined as
y0 (t) ,
y 0 (t) 5 sy (t) e

(2)

where sy is the slowly varying standard deviation of y 0
and e
y 0 is referred to as the reduced turbulent fluctuation.
Chen and Letchford (2004) conceptually related the
slowly varying standard deviation to the medium scales
of motion: on one hand, it is a property of the fluctuation
at the turbulence scale; on the other hand, it is driven by
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TABLE 2. Synthetic parameters of the wind velocity records. The
values related to the secondary peak, if present, are in parentheses.
Parameter

LI.03

LI.01

LI.05

^y (m s21)
y max (m s21)
G
I y (1 h)
I y (10 min)
m0
s0
g0
k0
L0y (m)

15.81 (18.98)
14.55 (13.89)
1.09 (1.37)
0.052
0.070
20.003
1.003
20.032
2.914
26.44

18.00
15.66
1.15
0.074
0.065
0.000
1.003
20.059
2.863
28.71

15.45 (17.27)
13.93 (12.46)
1.11 (1.39)
0.114
0.085
0.000
1.000
20.125
3.178
27.08

the mean wind velocity at large scales and it is thus often
modeled as deterministic. This interpretation refers to
the process of defining and extracting the slowly varying
mean. The reduced turbulent fluctuation is then related
to the small scales of turbulence and has until now been
modeled as a rapidly varying stationary Gaussian random process with zero mean and unit standard deviation
(Chen and Letchford 2004; Holmes et al. 2008; Kwon
and Kareem 2009; Solari et al. 2015a).
The extraction of y from y and of sy from y 0 is herein
carried out by a moving average filter (Choi and Hidayat
2002; Holmes et al. 2008) with period T 5 30 s (Solari
et al. 2015a). Other methods are available (McCullough
et al. 2014). Replacing Eq. (2) in Eq. (1) gives
y(t) 5 y(t)[1 1 Iy (t)y~0 (t)],

(3)

where
Iy (t) 5

sy (t)
y(t)

(4)

is the slowly varying turbulence intensity. Since it is
usually a weakly dependent function of time, several
authors approximate it by its average value over a suitable averaging time period (Chen and Letchford 2004,
2007; Chay et al. 2006; Holmes et al. 2008). Zhang et al.
(2017) pointed out that this approximation is questionable since Iy (t) is a non-Gaussian modulating function.
Table 2 shows some synthetic parameters of the wind
velocity records. Here, ^y , y max , and G 5 ^y /y max are the 1-s
peak wind velocity, the maximum value of the slowly
varying mean wind velocity, and the gust factor associated with the primary peak, respectively, whereas the
values related to the secondary peak, if present, are put
in parentheses. For example, I y (1 hr) and I y (10 min) are
the average values of Iy over 1 h and a 10-min interval
centered around y max and m0 , s0 , g0 , k0 , and L0y are, respectively, the mean value, standard deviation, skewness, kurtosis, and the integral length scale of the
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reduced turbulent fluctuation e
y 0 . The joint analysis of
Figs. 3–5 and Table 2 shows that the slowly varying mean
wind velocity y provides a very clear picture of the
movement of the gust front from the sea to the land. It is
worth noting that the moving average does not filter out
the secondary peak in the LI.03 and LI.05 records,
confirming that this peak represents a dominant feature
of the large-scale flow. As opposed to the typically
adopted wind tunnel modeling approaches, the residual
fluctuation y0 shows nonstationary random properties
with large intensities and intermittency strongly correlated to the largest values of y. This trend is confirmed by
the slowly varying standard deviation sy , which exhibits
very large values corresponding to the secondary peak
detected by the LI.03 and LI.05 anemometers. This
observation does not alter the fact that this peak is a
dominant feature of the large-scale flow, but points out
that its large intensity is significantly enhanced by strong
random fluctuations.
The diagrams of the slowly varying turbulence intensity Iy and its average values I y over different time
intervals (Fig. 4) confirm that this quantity is not
strongly time dependent, except for the presence of
some spurious large values that occur when y is very
small [Eq. (4)], like for instance the spike over 0.3 of
LI.01 in correspondence to an almost null y value
(Fig. 3). In accordance with the results of Solari et al.
(2015a) and Zhang et al. (2017), I y ranges between 0.05
and 0.12. Especially on the shorter time scale
DT 5 10 min, I y does not show any significant growth
from the sea to the land. This provides a partial confirmation that the time evolution of a downburst is so rapid
and short that its wind field does not reach equilibrium
conditions over the roughness of the terrain; thus, turbulence intensity is not much affected by this parameter.
The diagrams of the rapidly varying reduced turbulent
fluctuation ~y0 in Fig. 5 exhibit the classical random stationary Gaussian features supported by many authors in
the literature (Chen and Letchford 2004; Holmes et al.
2008; Solari et al. 2015a). The Gaussian property of the
three signals is confirmed by the good agreement between the histogram of ~y0 and the reference Gaussian
PDF with m0 5 0 and s0 5 1; the partial detachment,
observed mostly across the middle and right side of the
signal, is a consequence of skewness values g0 not exactly
equal to 0 and kurtosis values k0 not exactly equal to 3. In
addition, the PSD of ~y 0 matches the results provided by
Solari et al. (2015a). Around T 5 30 s S~y0 shows a relative
maximum and it decreases with the slope of n25/3 that is
typical of the inertial subrange for synoptic-type winds.
The integral length scale of the turbulence L0y has been
determined by fitting the experimental PSD by the
model proposed by Solari and Piccardo (2001); it is
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FIG. 4. (top) Slowly varying turbulence intensity Iy over DT 5 1 h and (bottom) the 10-min interval centered around the time instant at
which ymax occurs, as extracted from the records detected by the (a),(d) LI.03; (b),(e) LI.01; and (c),(f) LI.05 anemometers of the port of
Livorno monitoring network from 1130 to 1230 UTC 1 Oct 2012. Vertical dashed lines show the approximate time of the gust front
passage.

almost invariant from signal to signal and is fully coherent with the data reported by Solari et al. (2015a).
Also, the gust factor G, between 1.11 and 1.39, is coherent with the data reported by Solari et al. (2015a).
Slight departures from the universal equilibrium have
been previously observed in parts of signals of flows that
have sharp interfaces and high intermittency (Braza
et al. 2006). This matter deserves further investigation.
This information plays a key role in the evaluation of
the behavior of the structures related to downbursts and
nonsynoptic severe wind events (Kwon and Kareem
2009; Solari 2016). Unlike synoptic cyclones, where the
stationary Gaussian properties of the wind velocity field
are rather well known and whose impacts on structures
are shared and codified in its essential elements
(Davenport 1961), the amount of data available is limited on the duration of the ramp up of the slowly varying
mean wind velocity of transient thunderstorm outflows.
Moreover, the harmonic content, turbulent fluctuations,
and non-Gaussianity, as well as the parameterization of
these quantities as functions of time and space, are still
not well understood. The collection, interpretation, and

modeling of these parameters first for single transient
events then for ensembles of homogeneous phenomena
are fundamental to filling this gap and opening new
prospects aimed at increasing the safety and resiliency of
the built environment.

3. Weather scenario and meteorological precursors
a. Synoptic dynamics
The synoptic conditions over Europe on 1 October
2012 are depicted along with the positions of cyclones
and anticyclones at 0000 (Fig. 6a) and 1200 UTC
(Fig. 6b). The data are obtained from the National
Centers for Environmental Prediction’s (NCEP) Global
Forecast System (GFS) analyses, available on a 0.58 3
0.58 grid. The meteorological situation over Europe was
dominated by the presence of Extratropical Cyclone
Marianne (following the naming convention used by the
Institute of Meteorology of the Freie Universität Berlin,
Berlin, Germany) southeast of Iceland, with a surface
low pressure minimum below 985 hPa and a trough aloft
extending southward to the western Alps. To the east,
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FIG. 5. (top) Rapidly varying reduced turbulence fluctuation, (middle) histogram compared with a reference Gaussian PDF (thick line),
and (bottom) PSD, as extracted from the records detected by the (a),(d),(g) LI.03; (b),(e),(h) LI.01; and (c),(f),(i) LI.05 anemometers of
the port of Livorno monitoring network from 1130 to 1230 UTC 1 Oct 2012.

the occluded front of Extratropical Cyclone Lulu developed on 25 September in the Labrador Sea and extended from northwestern Russia to north of the Sea of
Azov. Finally, the 1025-hPa high pressure maximum
associated with Anticyclone Harald, which was situated
over central Europe a few days before, had moved over
Poland and Ukraine, indicating a blocking situation
(Rex 1950).
At 0000 UTC, the tropopause anomaly cut off had a
relative minimum of 9870 m and it was located in the

northern Mediterranean over the Gulf of Lion (France).
The anomaly cutoff moved westward over the Gulf of
Genoa at midday. This situation is depicted by the positioning of the 10 000-m height (green contours in Figs. 6a,b).
According to GFS analyses, at 1200 UTC the tropopause
height showed an abrupt discontinuity along a distance of
about 100 km, spanning from less than 10 km over the
Gulf of Genoa to more than 13 km over the Corsican Sea
(i.e., to the west of Corsica; see Fig. 1a), denoting the
existence of a frontal zone beneath.

Unauthenticated | Downloaded 01/09/23 08:47 AM UTC

SEPTEMBER 2017

3517

BURLANDO ET AL.

FIG. 6. (a),(b) Mean sea level pressure (contours) and tropopause height (shaded contours) over Europe from
GFS analyses. The green contour (indicated with the green arrow) corresponds to the minimum of the tropopause
anomaly cutoff over the western Alps. (c),(d) Cloud-top height from Meteosat Second Generation (MSG) data.
Results from (left) 0000 and (right) 1200 UTC 1 Oct. The red dashed circle in (d) shows the convective system that
developed over the Gulf of Genoa during the morning of 1 Oct.

The distribution of cloud-top heights obtained from
the cloud analysis performed by EUMETSAT
(EUMETSAT 2013; Derrien et al. 2013) also shows the
presence of a smaller cyclone in the eastern Padan plain
at 0000 UTC (Fig. 6c). The cyclone, which developed on
29 September as a secondary cyclogenesis event in the
Gulf of Genoa (Trigo et al. 2002), had moved over the
Balkans at 1200 UTC. However, Fig. 6d shows that a
mesoscale convective system, which was only in its embryonic stage at 0000 UTC, developed rapidly over the
Gulf of Genoa during the morning. This mesoscale
convective system is the main contributor responsible
for the strong wind event described in section 2.
Both an upper-level trough upstream of the Alps, like
the one of Cyclone Marianne, and a low-level frontal
system impinging on the Alps, as denoted by the tropopause discontinuity mentioned above, are considered
indispensable meteorological precursors to lee cyclogenesis. These factors play a fundamental role during
the rapid trigger phase as a result of the interactions
between the frontal zone and mountains (Buzzi and

Tibaldi 1978). During this stage, the cyclone deepens
while remaining quasi stationary, the upper-level trough
fills north of the Alps and deepens to the south, and the
jet stream splits northwest of the Alps into a secondary
branch over the Mediterranean before reconnecting to
the main branch to the north of the Black Sea (Fig. 7).
Many different and partially concurrent mechanisms
have been proposed for lee cyclogenesis during the
trigger phase (Buzzi and Tibaldi 1978; McGinley 1982;
Mattocks and Bleck 1986; Bluestein 1995; McTaggartCowan et al. 2010a,b). The absolute vorticity fields at the
300-hPa level over Italy at 0000 and 1200 UTC on
1 October are depicted in Figs. 8a and 8b, respectively.
Only contours higher than 0.00025 s21 are drawn to indicate the position of the trough (Figs. 6a,b) and its
movement from upstream of the Alps to the lee side,
where secondary cyclogenesis took place. The conditions favorable for intensification of lee cyclones during
their trigger phase (Bluestein 1995; Mattocks and Bleck
1986) were present over the Corsican Sea at 0000 UTC
and over the Ligurian Sea at 1200 UTC when the
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FIG. 7. Wind speed (shaded contours) and streamlines at 300 hPa at (left) 0000 and (right) 1200 UTC 1 Oct.

relative humidity at 700 hPa (Figs. 8a,b) exceeded 99%.
At midday, high clouds covered the whole Ligurian Sea
and a deep convective system with cloud-top heights
above 10 000 m formed and extended from northeast of
Corsica to the coast of Tuscany.
Figures 8a and 8b show the mean storm motion
(vectors), which is calculated as an integral measure of
the wind velocity variation between 0 and 6000 m above
sea level (ASL). This parameter is very useful for predicting the spatial evolution of thunderstorms inside
complex convective systems. In the present case, the
mean storm motion at 1200 UTC in the eastern Ligurian
Sea and northern Tyrrhenian Sea (Fig. 8b) was almost
purely zonal with an average magnitude of about 6 m s21
to the east. This value is the result of the wind field shift
from south-southeast in the lower troposphere (at
925 hPa) to southwest aloft (at 400 hPa). The updrafts
turn clockwise as they rise and their corresponding gust
fronts occur prevailingly on the eastern side of the
convective cells, where new updrafts form (Weisman
and Klemp 1982; Fovell and Ogura 1989). The multicell
system is driven by the lifting of warm air along the gust
front and the system shifts eastward under such wind
shear conditions. The storm-relative helicity (SRH),
calculated in a layer from 0 to h 5 3000 m ASL, is another important parameter that helps in determining the
type of thunderstorms (Davies-Jones et al. 1990) by
measuring the vertical transfer of energy due to the wind
shear:
ðh
k  (V 2 C) 3

SRH 5 2
0

dV
dz,
dz

(5)

where V is the environmental wind vector, C is the
storm’s translation velocity, and k 3 dV/dz is the horizontal vorticity with k being the unit vector in the vertical (z) direction. This index reached its maximum value
of 116 m2 s22 (not shown) 25 km to the west-southwest

of Livorno. According to Rasmussen and Blanchard
(1998), the calculated values of the mean storm motion
and SRH correspond to nonsupercell thunderstorm
conditions. It is worth noting, however, that the maximum SRH is above the 75th percentile of the SRH
distribution of nonsupercell thunderstorms and very
close to the median (124 m2 s22) of the SRH distribution of supercells without tornadoes. Therefore,
the possibility of supercell-like thunderstorms off
the coast of Livorno cannot be completely excluded.
The SRH, however, should always be interpreted with
caution since values above 350 m2 s22 were observed
in intense low-level jets and stable stratification
(Romanić et al. 2016b).

b. Local-scale observations
According to satellite images (not shown), the deep
convective system shown in Fig. 8d started growing to
the northeast of Corsica between 0900 and 1000 UTC on
1 October. As reported in the European Severe
Weather Database (Dotzek et al. 2009), two waterspouts were observed at 0900 6 15 min UTC and 1000 6
15 min UTC at Pietracorbara and Santa Maria di Lota
(Corsica), respectively. Their positions are shown in
Fig. 1a. Later on, the convective system grew as a multicell complex of thunderstorms positioned along a
rather straight line [i.e., a squall line; Zipser (1977)].
Figure 9 shows the reflectivity measured by the meteorological radar installed on the island of Elba, which
spans a circular area with radius of about 108 km:
Figs. 9a–d show the time evolution of the convective
system from 1100 to 1230 UTC with a 30-min time step.
At 1100 UTC, the values of radar reflectivity around
30 dBZ show the position of scattered thunderstorms
organized along a straight line from Corsica to Tuscany,
which slightly shifts to the northeast during the next
hour. This observation seems to be coherent with the
mean storm motion obtained from the GFS analyses

Unauthenticated | Downloaded 01/09/23 08:47 AM UTC

SEPTEMBER 2017

3519

BURLANDO ET AL.

FIG. 8. (a),(b) Relative vorticity (contours) at 300 hPa, relative humidity (shaded contours) at 700 hPa, and mean
storm motion (vectors) from GFS analyses. (c),(d) Cloud-top height from MSG data. Results are from (left) 0000
and (right) 1200 UTC 1 Oct.

mentioned in the previous section, as the thunderstorms develop new cells to the right of the mean flow,
which is about northward. At 1130 UTC (Fig. 9b), a
roughly circular blob appears to the west-southwest of
Livorno, in the same position where the maximum
SRH value was observed. This convective thunderstorm arrived at 1200 UTC in Livorno (Fig. 9c) and is
very likely responsible for the strong wind event depicted in section 2. Unavailability of radar velocity
data prevents any firm statement on the existence of a
rotating updraft. At 1230 UTC (Fig. 9d), the convective cell had already moved to the north of Livorno.
The recorded wind directions during the downburst
event (Figs. 2b,d,f), supplemented with the results in
Figs. 9c and 9d, suggest that the downburst was
spawned in the north part of the convective system.
Interestingly, this region is not characterized by the

highest radar reflectivity. Takayama et al. (1997) also
found that the strongest winds in the mature stage of
the downburst were located northwest from the
strongest radar reflectivity. The confirmation of this
finding is important for downburst forecasting.
The intense convective activity that occurred over the
area from Corsica and Tuscany during the morning of
1 October is confirmed by the large number of lightning
strikes registered by the Blitzortung network for lightning and thunderstorms (Fig. 10). Lightning strikes were
localized in the southern part of the convective system,
which is the area populated with the deepest (Figs. 6d
and 8d) and most intense convection (Fig. 9c). Lightning
strikes were observed in Livorno during this event.
Finally, the weather station located in the city center
(Fig. 1b) measured several important parameters during
the thunderstorm with a sampling rate of 15 min. The
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FIG. 9. Reflectivity (dBZ, vertical maximum intensity) measured by the meteorological X-band radar, installed at
Cima di Monte (Elba) at 480 m ASL at (a) 1100, (b) 1130, (c) 1200, and (d) 1230 UTC. The location of the meteorological radar on Elba is indicated with a red circle. (Courtesy of the LaMMA Consortium.)

records of wind speed and direction, temperature, solar
radiation, and precipitation are reported in Fig. 11. The
station measured quite a low mean and maximum wind
speed with the prevailing and gust wind directions from
the northern sector, as shown in Figs. 11a and 11b. The
only wind speed anomaly was registered at 1215 UTC,
when both the mean and maximum speeds spiked to 8.5
and 15.8 m s21, respectively. The temperature also decreased by more than 38 from 21.98C at 1200 UTC to
18.68C at 1230 UTC. At the same time, solar radiation
dropped from its daily maximum of 1082 W m22 at
1100 UTC to 11.2 W m22 at 1215 UTC, and the rain
gauge registered 10.6 mm of precipitation between 1200
and 1215 UTC and 5.6 mm between 1215 and 1230 UTC.
The local observations combined with the anemometer
records in Fig. 2 confirm that the studied event was a wet
downburst (Wakimoto 1982; Atkins and Wakimoto

1991). The pronounced decrease in solar radiation indicates the existence of well-developed and deep thunderstorm clouds in the area.

c. Instability indices
In the case of small-scale convective phenomena,
many instability indices exist that are intended to provide some deterministic or probabilistic information
about the occurrence of severe weather conditions [lifted index (LI), Showalter index, total totals, K index, the
severe weather threat index (SWEAT), bulk Richardson
number, convective available potential energy (CAPE)].
Three instability indices particularly important for wet
downdrafts are the wind index (WINDEX), which can be
interpreted as a direct measure of downdraft intensity; LI;
and CAPE, which are widely used as measures of updraft
intensity. Following the work of Proctor (1989) and
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FIG. 10. Strikes recorded (left) from 1100 to 1230 UTC and (right) from 1200 to 1230 UTC 1 Oct by means of
the Blitzortung network for lightning and thunderstorms, retrieved through the online archive. (Courtesy of
Blitzortung.org.)

Wolfson (1990), McCann (1994) proposed the following
expression for WINDEX (WI):
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(6)
WI 5 5 HM RQ (G2 2 30 1 QL 2 2QM ) ,
where HM is the height of the melting level above
ground (in km), RQ 5 min(QL /12, 1), QL is the mixing
ratio in the first 1 km above the surface, G is the temperature lapse rate from the surface to the melting point
(in 8C km21), and QM is the mixing ratio at the melting
level. This parameter tends to replicate the peak wind
velocity [in knots (kt, where 1 kt 5 0.5144 m s21)].
The WINDEX values calculated at 1200 UTC from
GFS data over the Ligurian Sea and northern Tyrrhenian
Sea are shown in Fig. 12a. The index is missing where the
lapse rate is lower than about 5.58C km21, which occurs
over the Alps and the eastern Ligurian Apennines. In
Livorno, the WINDEX is between 35 and 40, which is
similar to the peak velocities (in kt) presented in Fig. 2.
The LI and CAPE results at 1200 UTC from GFS data are
shown in Figs. 12b and 12c, respectively. Because of the
low values of LI (Peppier 1988) and the relatively high
values of CAPE, thunderstorms were expected to occur
over Corsica, the central Tyrrhenian Sea, the southwestern
Alps, and the eastern Padan plain.
The atmospheric soundings from the three stations
indicated in Figs. 12a and 12b were also analyzed and the
corresponding skew T–logp diagrams are presented in
Figs. 12d–f. The WINDEX values evaluated from
TEMP messages are 39.5 and 33.5 for LIML (Milan
Linate airport) and LIRE (Pratica di Mare Air Force base,

Rome), respectively, whereas values were not calculated
for LFKJ (airport of Ajaccio, Corsica) as the lapse rate is
equal to 25.378C km21. The LI results based on radiosoundings are 20.74, 20.70, and 22.07 for LFKJ, LIML,
and LIRE, respectively, whereas the CAPE results based
on the virtual temperature are 493.4 J kg21 for LFKJ,
315.5 J kg21 for LIML, and 670.9 J kg21 for LIRE.

4. Conclusions and outlook
This paper provides a comprehensive description and
interpretation of the field measurements and weather
scenario associated with a transient event that struck the
Livorno coast of Italy at about 1210 UTC (i.e., 1310 local
time) on 1 October 2012. Within the framework of a
wide research program dealing with downbursts and
nonsynoptic severe wind events, this study pursues a
double purpose. First, it provides a survey of a type of
meteorological phenomenon widely investigated in
many parts of the world but rarely inspected in the
Mediterranean. Second, this event has been chosen as a
test case with the aim of establishing its real meteorological properties with the potential to improve our
understanding, characterization, and modeling of
downbursts for wind engineering applications.
The wind speed records detected by three ultrasonic
anemometers of the monitoring network created for the
European WP and WPS projects have been analyzed
and decomposed into component parts to inspect the
main features of this event. A statistical analysis for
nonstationary wind events has been applied for this case
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FIG. 11. Measurements from the LaMMA meteorological station in Livorno: (a) mean (black) and maximum
(gray) wind speed (m s21), (b) prevailing (black) and gust (gray) wind directions (8), (c) temperature (black) and its
variability (gray) (8C), (d) maximum solar radiation (black) (W m22), and (e) precipitation (black) and daily cumulated rain (gray) (mm). Data are available every 15 min. (Courtesy of the LaMMA Consortium.)

and the resulting components have been discussed both
individually and together. In addition, the joint analysis
of different decomposed signals provides some interesting results.
Despite some peculiar aspects of this event, such as
the double peak registered by the anemometric sensors,
its properties match rather closely with the basic features of the entire database collected by the monitoring
network. The set of the slowly varying mean wind velocity components provides a clear picture of the
movement of the gust front from the sea to the land. In
addition, the results support a robust separation between the dominant features of the large-scale flow and
the random turbulent fluctuations. Although the residual fluctuations have strongly nonstationary random
properties, the set of diagrams of the slowly varying
turbulence intensity confirms that this quantity is not
strongly time dependent. The probability density functions of the rapidly varying reduced turbulent fluctuation exhibit classical Gaussian features and its power
spectral density tends to decrease in the high-frequency

range with a slope that is typical of the inertial subrange
of synoptic-type winds.
The analysis of the meteorological conditions concurrent with this event has been carried out by gathering
all the meteorological data available in this area and
making use of model analyses, standard in situ measurements (surface-observing stations and radio soundings), remote sensing techniques (radar and satellite),
proxy data (lightning), and direct observations (from the
European Severe Weather Database). All this information contributed to a reconstruction of the
weather scenario that occurred on 1 October 2012, over
Livorno, confirming that the strong wind event detected
by the high-sampling-rate anemometers of the local
monitoring network was a wet downburst.
This finding is an important result as it demonstrates
the role of specific synoptic-scale conditions over western Europe (e.g., the formation of a secondary cyclone
in the lee of the Alps) as an important and common
meteorological precursor to the occurrence of localscale convectively forced severe wind events in the
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FIG. 12. (a) WINDEX, (b) LI, and (c) CAPE from GFS analyses. Skew T–logp thermodynamic diagrams at
(d) Ajaccio, (e) Milan, and (f) Rome. All panels refer to 1200 UTC 1 Oct. (Diagrams courtesy of the University of
Wyoming.)

northern Mediterranean. High values of storm-relative
helicity and negative values of the lifted index were good
indicators of severe weather in the region. The
WINDEX values and their location match the downburst observations well.

The high-sampling-rate wind speed records detected
within a typical wind engineering framework have
proven to be beneficial in analyzing downbursts. Several
outcomes from the atmospheric science framework
were later refined using the information provided by the
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local anemometric network and signal analysis. The
present study may therefore form the basis for an extended analysis of nonstationary events in the Mediterranean region using this mixed approach in
correlation with the extensive database gathered during
the WP and WPS campaigns.
The first implication of this kind of analysis will be its
systematic extension to a selection of the most severe
wind events recorded by the WP and WPS anemometric
network, aiming to distinguish on a statistical basis the
events related to convection. The identification of a
statistically relevant set of convectively forced severe
wind events will represent the starting point for a novel
research effort aimed at establishing a robust link between the aforementioned local records and the weather
scenarios in which they occur. In turn, this procedure
will show to what extent the anemometric records and
the meteorological surveys may jointly be used to determine the location of origin, size, and motion pattern
of thunderstorms.
The second implication of this research program is
strengthening the link between field measurements and
analytical, physical, and numerical simulations through
the systematic statistical analysis of a broad range of
transient events for which high quality measurements
are made available. It is fundamental that such evaluations are carried out within the framework of wind
tunnel tests and CFD simulations that may establish a
closed loop inside which the simulations are used to
refine our knowledge of the structure of thunderstorm
events detected through local measurements, whereas
local measurements are used to calibrate experiments
and numerical techniques.
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