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Characteristics of downslope winds in the Liguria Region
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Abstract. Strong downslope windstorms often occur in the Liguria Region. This part of North-Western
Italy is characterised by an almost continuous mountain range along its West-East axis consisting of
Maritime Alps and Apennines, which separate the Padan Plain to the North from the Mediterranean Sea to
the South. Along this mountain range many valleys occur, frequently perpendicular to the mountain range
axis, where strong gap flows sometimes develop from the top of the mountains ridge to the sea. In the
framework of the European projects “Wind and Ports” and “Wind, Ports, and Sea”, an anemometric
monitoring network made up of 15 (ultra)sonic anemometric stations and 2 LIiDARS has been realised in the
three main commercial ports of Liguria. Thanks to this network two investigations are herein carried out.
First, the wind climatology and the main statistical parameters of one Liguria valley have been studied
through the analysis of the measurements taken along a period of 4 years by the anemometer placed at its
southern exit. Then, the main characteristics of two strong gap flows that occurred in two distinct valley of
Liguria are examined. Both these studies focus, on the one hand, on the climatological and meteorological
characterisation of the downslope wind events and, on the other hand, on their most relevant quantities that
can affect wind engineering problems.

Keywords: downslope winds; Alps and Apennines; (ultra)sonic anemometric measurements; LiDAR
measurements; Liguria Region

1. Introduction

Severe downslope winds sometimes occur in the lee of high ridges as a consequence of internal
gravity waves developing in a stably-stratified atmosphere, initiated when air is forced up the
mountains and propagates downstream. After the pioneering studies carried out by Defant (1951)
and Corby (1954), one of the first modern attempts to describe this kind of phenomena is reported
by Klemp and Lilly (1975), who used a research aircraft to investigate the structure of the large
amplitude mountain waves in the lee of the Rocky Mountains that triggered a strong downslope
windstorm on January 11, 1972 in Boulder, Colorado. Since then, the basic dynamics of mountain
waves and downslope winds has been clarified in some famous papers (Clark and Peltier 1977,
Smith 1979, Peltier and Clark 1979, Smith 1985, Durran 1990) and sound experiments (Lilly 1978,
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Smith 1987, Meyers et al. 2003, Grubisic and Lewis 2004, Bond et al. 2006). The development of
strong downslope winds, however, is not determined by mountain-induced gravitational
oscillations only. The presence of cold air pools in the lee side of ridges has been demonstrated to
prevent the downslope wind to reach the surface (Lee et al. 1989, Xu et al. 1996), whereas
mountain gaps are able to enhance the low-level flow convergence because of the high pressure
difference that occurs across the mountain ridge (Zangl 2002, Whiteman and Zhong 2008).
Besides, specific meteorological contributors at the synoptic and meso-scale are usually needed as
precursors to strong downslope winds as shown for instance by Romani¢ et al. (2016a) for the
Koshava winds development in the Eastern Europe.

Downslope flows are observed all over the world, and strong downslope windstorms often
occur in some specific areas of the Alps, as well (see for example Fig. 10.23 in Whiteman, 2000).
Smith et al. (2007), for instance, analysed comparatively seven gravity wave cases that occurred at
a finer scale in different parts of the Alps in 1999, during the special observing period of the
Mesoscale Alpine Project (Bougeault et al. 2001). None of them, however, occurred over the
Liguria Region. Nevertheless, a special kind of downslope winds, called gap winds, quite often
occur along the main valleys of Liguria, especially when the air to the North of the Maritime Alps
and Apennines gets to the top of the mountains and flows down the sloping surfaces towards the
sea because it is cooler and denser than the maritime air standing above the warmer Mediterranean
water. Following the definition of Zangl (2002), these gap flows are strong gusty winds restricted
in the lee of mountain gaps or passes, with their highest speed at the valleys’ exit. Their presence
over the Liguria Sea is sometimes reinforced by larger scale low-pressure systems, as during
secondary cyclogenesis events in the Gulf of Genoa (Trigo et al. 2002), so that strong and gusty
slope winds can develop under particular meteorological conditions.

At the exit of some of the valleys along the Liguria coastline, anemometric measurements from
(ultra)sonic anemometers and LiDAR (Light Detection And Ranging) wind profilers, installed in
the framework of the European projects “Wind and Ports” (WP) 2009-2012 (Solari et al. 2012)
and “Wind, Ports, and Sea” (WPS) 2013-2015 (Burlando et al. 2015), exist. In particular, there are
two interesting sites where strong downslope winds frequently occur, especially in the winter
season, just in the areas in which the aforementioned instruments are installed: the first one
corresponds to the Vado Valley, which meets the sea in the area of the Port of Savona/Vado Ligure,
where three sonic anemometers are available; the second one is the Turchino Valley, which ends in
the Western part of the Port of Genoa, where one sonic anemometer and a LiDAR are installed. A
brief description of the anemometric monitoring network as well as of the two sites mentioned
above is reported in Section 2.

Thanks to these data the present study focuses, on the one hand, on the climatological and
meteorological characterisation of the downslope winds in Liguria and, on the other hand, on the
most relevant quantities that can affect wind engineering problems (i.e., mean velocities,
turbulence intensities, gust factors, etc.). Accordingly, the climatology of the downslope wind
events that occur in the area of the Port of Savona/Vado Ligure is first analysed in Section 3. The
analysis, based on a period of 4 years, shows in particular that strong downslope windstorms occur
only in the winter season. Then, two particularly strong downslope wind events in two different
valleys of Liguria are investigated in Section 4. One of these events, which lasted for about
24 hours, has clearly shown a recurrence period of 11 minutes, similar to Bora in the Italian
Eastern Alps. In the other event, which lasted about 12 hours, a nose-shaped profile has been
detected by means of a LIDAR, with maximum velocity at 120 m above ground. Throughout the
text, the authors refer from the methodological point of view to a parallel series of papers in which,
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starting from the data provided by the monitoring network used herein, synoptic and non-synoptic
windstorms are separated (De Gaetano et al. 2013) and the properties of thunderstorm outflows are
investigated (Solari et al. 2015). Conclusions and prospects are drawn in Section 5.

2. Anemometric monitoring network

During the projects WP and WPS, 14 anemometric stations and two wind profilers have been
installed in the Ports of Savona/Vado Ligure, Genoa, and La Spezia. A description of the main
characteristics of these instruments is reported in Table 1. All the anemometric devices of this
network are bi- or tri-axial (ultra)sonic anemometers with sampling rate 10 Hz, which makes them
suitable for turbulence measurements too. The two wind profilers are WINDCUBE v2 Offshore
pulsed LiDARs by Leosphere, which can measure vertical wind profiles at 12 heights above
ground level from 40 m up to about 250 m, with a sampling rate of 1 Hz. A wide literature exists
that testifies the accuracy of LIDAR measurements of mean wind velocity profiles (Wilczak et al.
1996, Smith et al. 2006, Pena et al. 2009) whereas fluctuations involve some inconsistencies
(Wilczak et al. 1996, Sathe et al. 2011, Sathe and Mann 2013) and their detection is still
controversial; however, it seems reasonable to expect that LiDARs may provide at least a
gualitative description of the vertical variation of the ambient turbulence.

Table 1 Main characteristics of the anemometric monitoring network

Height AGL Sampling rate  Installation

Port Instrument  Type* Position (m) (H2) date™*
Savona/Vado Ligure SV.00 u3D Building 84.0 10 2010-Q4
SV.01 u3D Tower 33.2 10 2010-Q4
SV.02 u3D Building 125 10 2010-Q4
SV.03 u3D Building 28.0 10 2010-Q4
Sv.04 u3D Tower 32.7 10 2010-Q4
SV.05 u3D Tower 44.6 10 2010-Q4
SV.51 LiDAR Square 0.0 1 2014-Q2
Genoa GE.02 u2D Quay 13.3 10 2010-Q4
GE.03 u2D Building 32.0 10 2015-Q2
GE.51 LiDAR Quay 5.0 1 2015-Q2
La Spezia SP.01 u2D Building 15.5 10 2010-Q4
SP.02 u2D Tower 13.0 10 2010-Q4
SP.03 u2D Tower 10.0 10 2011-Q1
SP.04 u2D Building 11.0 10 2011-Q2
SP.05 u2D Dam 10.0 10 2012-Q3
SP.06 u2D Building 16.0 10 2015-Q1

*Instrument types are: (ultra)sonic tri-axial anemometer (U3D); (ultra)sonic bi-axial anemometer (U2D);
wind profiler (LiDAR)

**|nstallation dates are reported in terms of quarters (Q1, Q2, Q3, Q4) of the year (YYYY).
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The length of the available data sets is variable and depends on when the instruments have been
installed, ranging from a maximum of about 4 years for the anemometers to about 1 year for the
LiDAR in the Port of Genoa. The position of the instruments has been chosen to cover as more
homogeneously as possible the port areas and, at the same time, to get undisturbed wind velocity
measurements. Some anemometers are mounted on the top of buildings, at no less than 4 m above
the building’s roof, or on the top of lighting towers (the height of the instruments in Table 1 is
above ground level, AGL). The LiDARs are positioned on the ground.

Fig. 1 shows the position of all these devices in the corresponding port areas. The Port of La
Spezia is characterised by less intense downwind events, on average, with respect to the Port of
Savona and Genoa, probably also because it is partially sheltered by the urban area when the wind
blows from the Northern sectors. This is also true for the instruments installed in Savona (SV.00,
SV.01, SV.02, SV.51) and in the Eastern part of the Port of Genoa (GE.03). The most interesting
measurements are recorded in the Port of Vado Ligure (SV.03, SV.04, SV.05) and in the Western
part of the Port of Genoa (GE.02, GE.51), instead.

The anemometers in Vado Ligure, shown in Fig. 2(a), are placed at the Southern exit of the
valleys that from the Colle di Cadibona (436 m above sea level, ASL), which represents the break
between the Ligurian Alps to the West and the Apennines to the East, extend to the Mediterranean
Sea. The anemometer, GE.02, and the LIDAR, GE.51, in the Port of Genoa, are placed at the exit
of the Turchino Valley to the North, as shown in Fig. 2(b). This is a valley where strong downslope
winds often occur, so that these measurements are particularly interesting to analyse katabatic
flows coming from the Apennines to the North-Western of the city down to the Mediterranean.

Fig. 1 Monitoring network in the Ports of Savona/Vado Ligure, Genoa, and La Spezia: anemometric
stations (circles); LiDARSs (triangles)
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Fig. 2 Perspective view from South of the Port of Vado Ligure (a) and the western part of the Port of
Genoa (b). Arrows show the two valleys connecting Colle di Cadibona (a) and Turchino Pass (b) to the
Ligurian Sea

3. Statistical analysis of downslope wind events

In the present section, all the measurements recorded at the anemometer SV.04 in the Port of
Vado Ligure have been analysed in order to evaluate the wind climatology of this area, with
special attention to the strong winds blowing from land that may be classified as downslope
windstorms.

This anemometric station, equipped by a Gill Instruments WindMaster™ Pro tri-axial
(ultra)sonic anemometer that can measure the wind speed from 0 to 65 m/s with a resolution of
0.01 m/s and the wind direction with the resolution of 0.1°, is placed on the top of a lighting tower
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at about 33 m AGL. Raw data are stored with sampling frequency 10 Hz from the 4™ quarter of
2010. However, during the first year of measurements some quite long data missing periods
occurred, so that only 4 years have been considered for the present analysis, from the 22" of
October 2011 to the 21% of October 2015. All data are routinely checked for wrong values and
outliers, which is particularly important for extreme distribution analysis. Table 2 provides an
overview of the main characteristics of the analysed dataset. Numbers refers to 10-minute average
data packets.

The probabilistic analysis of the parent population and extreme value distributions of SV.04 is
illustrated in Section 3.1: the former represents the basic information for wind energy assessment
(Kwon 2009), wind environmental evaluations (Lu and Fang 2002) and wind-induced fatigue
analysis of steel structures (Repetto and Solari 2010); the latter is the crucial element to perform
ultimate (Kareem 1990, Chen and Huang 2010) and serviceability (Pagnini and Solari 1998) limit
state structural verifications. A comparison between the time series of the 4-year dataset and those
of some selected strong events blowing from the valley to the North of Vado Ligure is performed
in Section 3.2 in order to show the main characteristics of downslope windstorms in terms of mean
values, turbulence intensities and gust factors, these being the key parameters to deal with any
wind engineering problem.

3.1 Probabilistic analysis

A probabilistic analysis of the 4-year long SV.04 dataset has been carried out in order to infer
the directional and non-directional distribution functions of the wind speed, F,(v), based on the
hybrid Weibull distribution model (Weibull 1951, Takle and Brown 1976, Solari 1996a)

F,(v)=1-(1-P) 2?:1 Aje_(c%) (1)
Fr ) =Py = (1= ) [1 - e @] @

where P, is the frequency of wind calms. In the directional distribution, Eg. (1), the whole dataset
is firstly subdivided into S subsets according to the direction sector that the wind is coming from.
Then, for each j-th direction sector, the corresponding shape and scale model parameters, K; and
C;, are evaluated, A; being the frequency of occurrence. In the non-directional distribution,
Eq. (2), K and C are the shape and scale model parameters of the whole dataset. In both cases
the shape and scale parameters are estimated by resistant method (Hoaglin et al. 1981) excluding
wind calms and best fitting the tail of the distribution.

Table 2 Total number and percentage of missing data, wind calms, and non-zero intensity data in the SV.04
dataset. Overall data are computed over the considered 4 years, from 2011-10-22 to 2015-10-21. Percentages
of wind calms and non-zero values refer to valid data

Overall Missing Valid Wind calms* Non-zero values
210.384 25728 184656 2200 182456
100 % 122 % 87.8% 1.2 % 98.8 %

*Wind calms are conventionally referred to as wind speed values smaller than 0.5 m/s
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Also the probabilistic analysis of the extreme wind speed distribution, F)(v), has been
performed, based on the first type and process distribution models (Gumbel 1954, Gomes and
Vickery 1977, Solari 1996b)

Fu(v)=e™® 3)
Fy (v)=e"" 4)

where a, u and A are model parameters; a and u are estimated by resistant method whereas A is
determined by counting threshold up-crossings (Gomes and Vickery 1977). Eq. (4) provides a link
between the wind speed extreme value distribution and density function of the parent population
(Egs. (1) and (2)). Under this point of view, it makes use of more information than Eq. (3), whose
application is usually based on a limited series of maximum values, so it is appropriate also with
reference to a limited number of years of data. Under this point of view it allows to perform
reasonably approximated statistical analyses referred to relatively high return periods based on a
limited number of years of measurements. In addition, it is normally more adherent to reality than
Eq. (3) that tends to overestimates wind speed just with reference to high return periods
(Lagomarsino et al. 1992) most crucial for structural safety analyses, and allows to easily take into
account missing data. Its reliability has been recently proved by means of long-term Monte Carlo
simulations of synthetic wind velocity time-series (Torrielli et al. 2013, 2014).

Table 3 shows the values of mean, standard deviation, shape and scale parameters of the
directional and non-directional distributions evaluated by means of Egs. (1) and (2), as well as the
wind speed values corresponding to decreasing exceeding probabilities, defined as 1 — F, (v).
Note that rows corresponding to sectors 210°-240° and 240°-270° are empty because the
frequency of occurrence, A;, of the wind blowing from these sectors is too low in order to obtain
reliable estimates of the related distribution parameters.

Fig. 3(a) shows the wind rose as calculated through the 4-year long SV.04 dataset: it represents
a roughly bi-modal distribution with two main peaks centred around South and North-West. The
sectors centred around NW are by far the most frequent ones, especially in winter. The highest
wind speed values, i.e. greater than 15 m/s, occur mainly from S and NW. This is also confirmed
by the statistical analysis depicted in Fig. 3(b), which shows the directional distributions of the
wind speed corresponding to exceeding probabilities from 102 to 10°. Fig. 3(c) shows the
exceeding probability corresponding to increasing wind speed values evaluated according to the
directional and non-directional distribution functions defined through Eqgs. (1) and (2), respectively,
represented on the Weibull probability paper. Fig. 3(d) shows the wind speed values corresponding
to long return periods, R, calculated using the process and asymptotic analyses, represented on the
Gumbel probability paper. A correction of the results provided by the process analysis has been
also performed according to Burlando et al. (2013) in order to account for the incompleteness of
the dataset due to the presence of missing values. In this latter case the extreme wind speed
corresponding to the return period of 50 years is equal to 25.2 m/s. This value agrees with the
results obtained by Castino et al. (2003), who performed a high-resolution evaluation of the wind
climate all over the Liguria Region. The corresponding extreme wind speed as evaluated by
Eurocode 1 (2005) and the Italian Guide for the assessment of wind actions and effects on
structures (CNR-DT 207/2008, 2010), equal to 26.3 m/s, is slightly higher than the present one.
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Table 3 Directional (based on 30°-wide sectors) and non-directional analysis of the wind speed distributions
calculated through Egs. (1) and (2). The overall frequency A, reported in the last row, is smaller than 1
because wind calms are not considered

Sector Mean (m/s) StDev (m/s) A K C (m/s)
0-30 3.418 2.312 0.0223 1.407 3.263
30-60 3.558 1.951 0.0311 1.774 3.508
60-90 3.049 1.507 0.0356 1.590 2.757
90-120 3.128 1.672 0.0444 1.363 2.685
120-150 3.594 2.024 0.0593 1.309 3.125
150-180 4.572 2.590 0.10901 1.284 4.246
180-210 5.224 3.188 0.0586 1.517 5.251
210-240 - - 0.0057 - -
240-270 - - 0.0030 - -
270-300 4.377 2.221 0.0593 1.842 4.330
300-330 5.541 2.680 0.4768 1.829 5.590
330-360 5.435 3.199 0.0829 1.775 5.600
0-360 4.820 2.770 0.9881 1.561 4.818
N
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Fig. 3 Wind rose (a), directional and non-directional wind speed distributions corresponding to decreasing
exceeding probability values (b)-(c), and extreme wind speed values for different return periods (d) for the
4-year long dataset SV.04
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3.2 Time series analysis

In the present section, a time series analysis is presented in order to investigate the behaviour of
mean wind velocity and turbulence when downslope windstorms occur. The time series considered
are the 10-minute averaged wind speed, v, and direction, 6, values, the peak wind speed, ¥
defined as the maximum 1-second averaged wind speed, the longitudinal turbulence intensity,
I, = g,/7, where g, isthe standard deviation, and the gust factor, Gv = ¥/7.

Fig. 4(a) shows the 4-year long time series of the 10-minute average wind speed and direction
measured at the anemometric station SV.04, as well as the peak wind speed recorded every 10
minutes. Data corresponding to the wind blowing from the fourth quadrant, i.e., from 270° to 360°,
which are the directions that the valley winds belong to (see Fig. 2), are coloured darker. All the
other quadrants, which correspond to the wind blowing from the sea, are coloured lighter. The
mean wind speed only occasionally exceeds 20 m/s, while values higher than 15 m/s often occur.
The peak wind speed often exceeds 20 m/s and it is higher than 30 m/s in a few events. It is worth
noting that, despite the greater roughness of the up-wind terrain, on average, mean and peak wind
speed values are higher when the wind blows from land than from sea. The occurrence of high
mean wind speed values related to rough terrains, and thus large turbulent fluctuations too, tends to
produce relevant wind loading on structures.

A subset of the whole SV.04 dataset corresponding to the strongest events selected according to
the criterion that 7 > ©7%°, where ©7°° = 12.59 m/s is the wind speed of the 99" percentile of
the population distribution, is reported in Fig. 4(b). It is shown that the strongest events in Vado
Ligure correspond to the wind blowing from the fourth quadrant (darker symbols) and to the wind
blowing from South (lighter symbols). This result can be extended to the whole Liguria Region: as
a general rule, in Liguria the strongest surface wind conditions occur during downslope wind
events or sea storms. Downslope winds, in particular, occur mainly in the winter season with
higher frequencies of occurrence in November and February-March. They occur with the same
frequency during day and night, instead.

Downslope winds and sea storms have quite different behaviours in terms of turbulence
intensity and gust factors. During sea storms the higher mean values correspond quite regularly to
higher peak values, and gust factors are almost always lower than 1.5, as it is typical of neutral
atmospheric stratification and smooth terrain. This is not the case during downslope winds, where
turbulence intensity is, on average, higher than during sea storms whereas gust factors between 1.5
and 2.0 usually occur and sometimes also exceed the value 2; these values are considerably higher
than those commonly experienced in neutral atmospheric stratification and rough terrain. Such
differences cannot be explained only in relation to the different roughness of the upwind terrain
(Engineering Sciences Data Unit, 1993), using the classical wind engineering hypothesis that
intense wind speeds are related to neutral atmospheric stratifications.

Fig. 5 clarifies these remarks showing the longitudinal turbulence intensity (Fig. 5(a)) and the
gust factor (Fig. 5(b)) as functions of the mean wind speed when the wind blows from land
(270° < ¢ < 360°) and sea (« < 270°) with darker and lighter symbols, respectively.

Fig. 5(a) shows that, when the mean wind speed is low, e.g. ¥ < 5 m/s, the turbulence intensity
values are highly dispersed because of atmospheric stability conditions far from neutral. Note,
however, that I, values much greater than 1 can be spurious values that occur when v is close to
0. For higher mean wind speeds, e.g.,, ¥ > 10 m/s, instead, turbulence intensity approaches an
asymptotic value which is roughly 0.2 for the north-western sectors, and 0.1 for the other
directions (see the darker dashed and the lighter solid lines in Fig. 5(a)).
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Fig. 4 Time series of mean wind speed and direction, and peak wind speed of the 4-year long dataset
SV.04 (a); and mean wind speed and direction, peak values, gust factors, and longitudinal turbulence
intensity of the strongest wind events recorded at SV.04 (b)
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A very similar behaviour has been also reported by Pagnini et al. (2015), who have analysed
the dataset SV.02 placed in the Port of Savona. According to the asymptotic turbulence intensity
values, equivalent roughness lengths can be evaluated through the approximate formula provided
for instance by Eurocode 1 (2005) and CNR-DT 207/2008 (2010), assuming neutral atmospheric
conditions

1
I” - In(z/zq) (5)

where z = 32.7 m is the SV.04 anemometer’s height AGL, as reported in Table 1, and z, is the
roughness length. Inverting Eq. (5) based upon the two estimates of the asymptotic turbulence
intensity values, I, = 0.2 and 0.1, one obtains the equivalent roughness z, = 0.0015 m for sea
storms and z, = 0.22 m for downslope windstorms. Both these values match rather closely the
typical values commonly attributed to rough terrains and sea exposure.

Fig. 5(b), referred to the gust factor, shows a trend qualitatively similar to Fig. 5(a), related to
turbulence intensity, but even more pronounced. Starting from the two asymptotic estimates of the
equivalent roughness z, = 0.0015 m for sea storms and z, = 0.22 m for downslope windstorms,
and using the method proposed by Solari (1993) for intense wind speeds and neutral atmospheric
conditions, the gust factor is almost independent of the mean wind speed and assumes the values
1.57 for the north-western sectors, and 1.29 for the other directions (see the darker dashed and the
lighter solid lines in Fig. 5(b)). However, while the trend exhibited by G, for sea winds, like that
shown by 1, is perfectly coherent with typical measurements in smooth terrain, the spread of G,
for the downslope winds, much more than the one of I, points out conditions that suggest the
occurrence of different wind phenomena, e.g., synoptic depressions and thermal winds,
characterised by different properties. Moreover, the occurrence of very large values of G, also with
reference to intense wind speeds suggests the existence of phenomena, other than synoptic
depressions, for which intense wind speeds may be associated also to non-neutral atmospheric
conditions (Romanic¢ et al. 2016b, Sterling et al. 2006).

This matter clearly deserves further investigations especially with reference to the modern trend
in wind engineering aiming to deal with mixed wind climate conditions by separating different
aeolian phenomena (Lombardo et al. 2009, Kruger et al. 2012, De Gaetano et al. 2014) in order to
determine refined wind speed statistics (Gomes and Vickery 1977/1978, Harris and Cook 2014),
wind loading and structural response (Solari 2014).

4. Analysis of two strong downslope wind events

In the following sections, two strong downslope wind events are described and analysed. The
first event, reported in Section 4.1, corresponds to the strongest downslope wind measured at the
anemometric station SV.04 in the Port of Vado Ligure (see Fig. 3), which occurred on November
11, 2013 at 03:00 UTC. The second event selected, reported in Section 4.2, corresponds to a strong
downslope wind measured by means of the LIDAR GE.51 installed in the western part of the Port
of Genoa. LIDAR measurements provide information up to 250 m AGL, which is particularly
interesting as it allows to analyse the wind profile of the whole atmospheric surface boundary
layer.
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Fig. 5 Longitudinal turbulence intensity (a) and gust factor (b) as function of mean wind speed for the
4-year long dataset SV.04. The darker dashed line and the lighter solid line in (a) correspond to the
asymptotic turbulence intensities 0.25 and 0.1, respectively. The darker dashed line and the lighter solid
line in (b) correspond to the asymptotic gust factors 1.72 and 1.29, respectively.

4.1 The event of November 11, 2013 in Vado Ligure

On the November 11, 2013, during the night, the European scenario was dominated by a
tropopause anomaly cut-off located over the Tyrrhenian Sea, coupled with a frontal system with
surface low located on Southern Italy, and by a large high-pressure area over North-western
Europe. Thus, the jet stream flew southwards over the Western Alps and Ligurian Sea and a strong
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meridian gradient occurred between Northern France and Southern Italy. On a local scale, this
configuration implied the presence of a strong low level jet crossing the Western Ligurian
Apennines, flowing through its lowest passes, such as the Cadibona Pass, just North of Vado
Ligure.

This meteorological condition is depicted in Fig. 6, which shows the cloud top height obtained
from the cloud analysis performed by Eumetsat (Eumetsat 2013, NWC SAF 2013) based on
infra-red measurements collected by SEVIRI (Spinning Enhanced Visible & Infrared Imager) on
board Meteosat Second Generation satellites. From the cloud cover, the cyclonic rotation over the
Tyrrhenian Sea is clearly visible, as well as the clear sky conditions that occur all over the Central
and Western Liguria. This implies that the event recorded on November 11, 2013 in Vado Ligure
was due to a strong cold advection at any level that affected the entire North-western Italy for
about 24 hours.

The time series of 10-minute average wind speed and direction, peak wind speeds, gust factors
and longitudinal turbulence intensity recorded at SV.04 the 11 November 2013 are shown in Fig. 7.
This strong downslope winds started blowing after 18:00 UTC the day before and lasted about
24 hours. During this period the mean wind speeds are often greater than 15 m/s, the peak wind
speed values reach 30 m/s, which determine gust factors up to 2, and the longitudinal turbulence
intensities vary around 0.25. Note that this value fits the asymptotic turbulence intensity behaviour
shown in Fig. 4 for the wind blowing from North-West.

CTOPH TINOV2013 03:00 UTC
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Fig. 6 Satellite image of the cloud top height (metres ASL) over the Western Europe valid for November
11, 2013 at 03:00 UTC
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Fig. 7 Time series of mean wind speed and direction, maxima, gust factors, and longitudinal turbulence
intensity of the event recorded on November 11, 2013 at SV.04. Plus symbols correspond to the wind
blowing from the fourth quadrant

During the downslope wind event reported in Fig. 7, the time series of mean and peak wind
speed seem to have some regular periodicities that could be worth analysing. For this reason, the
spectral content of the 24-hour time series (from 18 UTC November 10 to 18 UTC November 11)
of raw wind speed data, i.e., recorded at 10 Hz, of SV.04 has been analysed through a Fast Fourier
transform, shown in Fig. 8. It is worth noting that some non-negligible peaks occur in the region of
the spectral gap, i.e. between 10 minutes and 1 hour, for example at about 3.0 x 10* and
5.5 x 10 Hz, which correspond to 1 hour and 30 minutes, respectively. The highest peak in the
spectral gap, however, is the one indicated by means of the black arrow in Fig. 8, which occurs at
about 1.5 x 107 Hz, corresponding to approximately 11 minutes. A first attempt to explain
regularities in gustiness, firstly observed during the severe downslope windstorm of January 11,
1972 in the Eastern slope of Rocky Mountains by Lilly and Zipser (1972), is reported by Clark and
Farley (1984), who suggested a possible mechanism based on the competition between mountain
gravity wave build up and convective wave breakdown. Pulsations of this order of magnitude have
been reported in many experimental observations, like in Neiman et al. (1988), who detected
spectral peaks at about 4-5 and 14-minute time scales, or more recently in Belusic et al. (2004,
2007) during Bora downslope windstorms in the Dinaric Alps, who measured pulsations in the
range between approximately 3 and 11 minutes. These authors noticed a relation between
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guasi-periodic gust behaviour and decrease in the upper-tropospheric jet stream, supported by
surface measurements and radiosonde data comparison.

Katabatic winds, defined as local downslope gravity flows caused by nocturnal radiative
cooling near the surface under calm clear-sky conditions (Barry 1992), have also been noticed to
show pulsations. Van Gorsel et al. (2003), for instance, measured velocity oscillations in katabatic
flows inside the Riviera Valley (Swiss) with period of 18 minutes, which they explained through
the theory of compression warming (Fleagle 1950). However, they also measured oscillations of
the wind direction, i.e., from downslope to upslope, which have not been observed in our
measurements, so that the physical reason for their oscillation is probably different from the event
in Vado Ligure. A somewhat different behaviour, from the one reported by Van Gorsel et al., has
been observed by other authors during night-time katabatic flow events: Doran and Horst (1981)
measured oscillations with average period of about 1.5 h; Bastin and Drobinski (2005) reported
oscillation periods between 1 h and 1.5 h; Princevac et al. (2008) found oscillations with pulsation
periods of 55 min and 110 min. In these cases, which show pulsation periods of the same order of
magnitude, the variability of the oscillation frequency seems to be due to slightly different stability
conditions of the atmosphere.

All these values, however, are quite different from the main pulsation period measured during
the downslope event of November 11, 2013 in Vado Ligure. Moreover, the event in Vado Ligure
lasted 24 hours, whereas the katabatic flows mentioned above typically occur during night time
only. This suggests a somewhat different dynamical mechanism for oscillation excitation, which
could be correlated to larger-scale forcing periodicities as well. However, the exact meteorological
reason of such gustiness pulsation and its potential effects in the context of wind engineering
require further investigations, possibly making use of high-resolution meso-scale meteorological
models to provide information about the overall atmospheric conditions in space and their
evolution in time.
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Fig. 8 Spectrum of the 24-hour long downslope wind event that occurred from 18 UTC Nov 10 to 18 UTC
Nov 11, 2013 at SV.04
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4.2 The event of November 2, 2015 in Genoa

A synoptic configuration rather different from the one presented in Section 4.1 characterized
Europe on November 2, 2015, as shown in Fig. 9: on the one hand, a large anticyclonic ridge
spread out over the European continent from the African coast up to Scandinavia with its centre of
mass localized in the Balkan region, which leaded clear sky conditions all over this area; on the
other hand, a deep Atlantic depression was hitting the Iberian Peninsula, where medium and high
clouds occurred. The resulting temperature and pressure gradient leaded to north-easterly winds
blowing over Northern Italy from the Adriatic Sea, filling the Po Valley with cold air.

Furthermore, the clear sky contributed to a strong air cooling due to night radiation, increasing
the surface pressure field up to a local maximum in the Padan Plain. Strong northerly winds were
triggered over Liguria when this “cold cushion” started to overflow through Apennines passes,
such as the Turchino Pass. The air over the Mediterranean Sea, however, did not cool as much as
over the Padan Plain because of the upward sensible heat flux caused by the higher sea surface
temperature that, in November 2015, was slightly less than 20°C along the Ligurian coast (the
buoy closest to Genoa, placed in the Western part of Liguria, measured 19.8°C on October 20,
2015). At 07 UTC, the temperature measured at the Turchino Pass (590 m ASL) was 5.4°C, the
one measured along the Turchino Valley (270 m ASL) was 8.6°C, and the one measured at the
Southern exit of the valley (104 m ASL) was 11.7°C. At the same time, the temperature measured
6 km eastward of the valley’s exit at 69 m ASL was 14.7°C. This is 2.7°C higher than expected by
dry adiabatic warming. Note that the temperature at the exit of the Turchino Valley was 1.4°C
higher than expected also, while the temperature measured along the valley perfectly corresponds
to the adiabatic warming. This behaviour seems to be coherent with the hypothesis of a gap flow
influenced by the presence of a warm pool downstream of the mountain barrier.

CTOPH 02NOV2015 06:45 UTC
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Fig. 9 Satellite image of the cloud top height (metres ASL) over the Western Europe valid on November
11, 2013 at 03:00 UTC
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Fig. 10 Wind velocity field measured on November 2, 2015 (time in UTC) by the LIiDAR in the Port of
Genoa. The diagrams show the evolution of the vertical wind profiles with respect to time: 10-minute
averaged horizontal wind speed (top left) and direction (top right), peak wind speed (centre left), vertical
wind speed (centre right), gust factor (bottom left), and longitudinal turbulence intensity (bottom right)

This downslope wind event, which has been measured by the LiDAR installed in the Western
part of the Port of Genoa, caused serious local problems to port activities and navigation. Fig. 10
shows the measurements of mean wind speed and turbulence properties recorded by the LiDAR on
November 2, 2015. During all the day, the LiDAR recorded a wind blowing from North all along
the vertical profile up to 250 m AGL (top right panel in Fig. 10). Early in the morning, between
5:00 and 9:00 UTC, the mean wind speed increased up to about 20 m/s in a layer between 100 and
200 m AGL (top left panel), with peak wind speed up to 24 m/s (centre left panel; here the peak
wind speed conventionally coincides with the maximum value since the LiDAR sampling rate is 1
Hz) that determined values of the gust factor between 1 and 1.5, slightly higher at the
measurement levels closer to the ground (bottom left panel), and turbulence intensity values not
larger than 20% (bottom right panel). The vertical wind speed (centre right panel) is lower than 0
all the morning until midday, according to the prevailing downward gravitational flow along the
valley, positive at 14-15 UTC and neutral afterwards, when convection driven by diurnal solar
heating increases.

Fig. 11 shows the details of the measurements recorded by the LiDAR in the 10-minute time
interval between 06:50 and 07:00 UTC, in terms of vertical mean wind profiles (top left),
turbulence (top right), wind directions (bottom left), gust factors and Gaussianity (bottom right).
The vertical mean profile presents a nose-like shape with maximum at 120 m AGL, and slightly
negative average vertical components. This is consistent with the conceptual model of katabatic
flow, reported for example by Poulos et al. (2000), where the low-level jet structure is due to the
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combination of a gravitational flow with the surface drag. Turbulence intensity profiles have
slightly larger values closer to the ground, according to fluctuations of wider amplitude below
approximately 90 m (see the black open circles in the top left panel). Gust factors seem to be
roughly constant above (about 1.2) and below (about 1.4) 80 m. For each measuring height, the
wind varies to a large extent according to a normal distribution, as confirmed by skewness and
excess kurtosis values rather close to 0.

It is rather questionable and debated whether LiDAR can be used to measure turbulence.
Several studies have shown that the turbulence intensity measured by cup anemometers differs to a
certain extent from that of LiDARs (Wagner et al. 2009, IEA, 2013), depending on stability
atmospheric conditions, measuring height, LIDAR type and the methodology to calculate variance
and covariance.
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Fig. 11 Wind velocity field measured on November 2, 2015 at 6:50-7:00 UTC by the LiDAR in the Port
of Genoa: profiles of 10-minute mean horizontal (<U>, circles), longitudinal (<u>, diamonds), and vertical
(<w>, triangles) wind components and their variability up to 250 m above ground (top left); longitudinal,
I, transversal, I, and vertical, /,, turbulence intensities (top right); directions of the 10-minute mean
horizontal (<>, circles), longitudinal (¢, diamonds), and vertical (¢, triangles) wind components and
their variability as a function of height (bottom left); skewness, S, excess kurtosis, K, and gust factors, G,
of the longitudinal (subscript /) and mean (subscript U) components (bottom right)
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According to the model proposed by Sathe et al. (2011), not negligible systematic errors for the
vertical and horizontal velocity variance can occur depending on the atmospheric stability
conditions. Frehlich and Kelley (2008), however, concluded that careful corrections for the spatial
filtering of the wind field operated by LIiDARs can be applied to obtain turbulence estimates
equivalent to point sensors. In the present paper, turbulence intensities have been evaluated
without any correction. The exact quantitative evaluation of possible systematic errors in this kind
of measurements is beyond the scope of this paper. The reader, however, is advised that turbulence
estimations by LIiDAR have to be interpreted in qualitative terms only.

In the meanwhile, authors plan to collect systematically other vertical wind profiles detected by
LiDAR to make this discussion more robust and to classify and interpret different types of
downslope wind flows.

5. Conclusions

Downslope winds in Liguria can be driven by different meteorological conditions that have not
been analysed systematically yet. The wind monitoring network of the projects WP and WPS make
available quite long-term measurements that can be used to investigate experimentally these
phenomena for the first time. In this paper, firstly the wind climatology of strong slope winds in
Liguria is presented for a valley located in between Alps and Apennines. Then, two selected events
have been analysed in order to describe the main characteristics of intense downslope winds.

From the climatological analysis reported in Section 3, a precise seasonal collocation of the
strong downslope windstorms that occurred from the end of October 2011 for 4 years in the Port of
Vado Ligure has been obtained, and the general characteristics of such events in terms of mean and
peak wind speeds, direction, turbulence and gustiness has been presented. Several issues, however,
deserve further studies, in particular the directional distribution of the extreme wind speed, the
harmonic content of turbulent fluctuations in different wind conditions, the large variability of the
longitudinal turbulence intensity and gust factor even in presence of strong wind intensities, the
separation and classification of downslope wind events associated with different meteorological
conditions.

The first event considered in Section 4, which occurred in November 2013 in Vado Ligure, was
the strongest recorded during the 4-year period mentioned above, with maxima higher than 30 m/s
and gust factors larger than 2. Moreover, a pulsation at the time scale of 11 minutes has been
detected, which has been already reported in literature for Bora events in the Dinaric Alps. This
could suggest a common mechanism to sustain gustiness that will be studied in the next future.
The second event considered occurred in November 2015 in Genoa. Here, a LiDAR belonging to
the WP monitoring network is available that allowed to characterise the whole vertical wind
profile of this phenomenon. In particular, a nose-shaped profile has been measured that, together
with the analysis of the synoptic and local meteorological conditions, seems to support the idea
that most downslope windstorms in Liguria are actually gap flows. It is not clear, however, to what
extent this hypothesis may be generalised and further analysis will be soon performed considering
a greater number of test-cases to clarify this point.

The results reported in this paper can be regarded as a rational framework to develop, on the
one hand, new investigations aiming to improve the knowledge of downslope wind flows, for
instance inspecting the issues discussed above, and, on the other hand, to inspect a broad band of
wind engineering problems related to mountain conditions on more robust bases. Kozmar et al.
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(2015), for example, have recently analysed the role of crosswind bora gusts as a possible cause of
vehicles overturning or collision over bridges. The Ligurian highway, which crosses entirely the
Alps and Apennines from the Western to the Eastern edge of the Region, has more than 150
tunnels and many bridges and viaducts where strong dangerous downslope winds often occur that
give rise to many accidents. In Liguria and in several other Italian and foreign regions strong
downslope winds affect port activities, also, causing conditions ranging from interrupting activities
to produce several damage and fatalities. All the products, i.e., forecast systems and monitoring
equipment, developed in the framework of projects WP and WPS (Solari et al. 2012, Burlando et
al. 2015) were thought to be a valuable support to the port operations and navigation, indeed.
Besides, at present, the authors are working on developing new numerical strategies to simulate
and forecast strong downslope winds in the urban areas. Finally, the information about the wind
profiles measured by the LIiDAR in Genoa will become soon available to the Airport of Genoa,
which is located inside the port area and whose glide paths intersect the flow at the exit of the
Turchino Valley.
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