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Abstract. In the context of the European Project THUNDERR a scientiﬁc
collaboration between the Wind Engineering and Structural Dynamics (Windyn)
Research Group of the University of Genoa (Italy) and the Wind Engineering,
Energy and Environment (WindEEE) Research Institute of Western University
(Canada) has been established to study experimentally at the WindEEE Dome
facility how the main geometrical and mechanical properties of downbursts are
affected by different cloud base outflows of stationary thunderstorms. At present,
the analysis of the downbursts simulated experimentally is ongoing and some
preliminary elaborations have been obtained concerning the qualitative and
quantitative interpretation of the corresponding signals. Classical signal
decomposition was applied to experimentally produced downbursts in the
WindEEE Dome in order to study transient features of the time series. This
study presents the results for two radial positions from downdraft centre and for
twenty repetitions per radial position. Several prospects for further research are
also discussed.
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1 Introduction
Downbursts are vigorous winds that descend from a thunderstorm and spread out
rapidly once they encounter the ground. Strong downbursts can cause damage similar
to that of an EF0 (105–38 m s−1) or EF1 (38–49 m s−1) tornados (McDonald et al.
2006). However, the dynamics of downbursts and tornadoes are completely different.
In the initial stages of thunderstorm, a powerful updraft is the main feature of the cloud
dynamics. The updraft is responsible for the influx of warm and moist air that “feeds”
the thunderstorm. In this stage, the cumuliform cloud is typically a cumulus congestus,
which will later evolve into a cumulonimbus. That is, as the growth of raindrops and
hailstones continues in the mature cloud, eventually their weight is larger than the uplift
caused by the updraft and they start falling to the ground. As the hydrometeors fall
towards the ground two processes take place: (1) their evaporation and melting in the
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subsaturated environment underneath the cloud, and (2) the drag on the ambient air
caused by the falling hydrometeors, as described by the Stokes’ law. In many cases, an
inflow of dry air in the rear flank of the storm additionally ampliﬁes evaporation and
melting. The latent heat of evaporation/melting which is extracted from the surrounding
air results in the cooling of the air in the precipitation region of thunderstorm, thus
creating a downdraft of cold air that impinges on the surface. The downdraft and its
radial spread upon hitting the ground are known as downburst. Meteorological aspects
of downbursts and their evolution were studied in the pioneering studies by Simpson
(1969), Charba (1974), Fujita (1981), Wakimoto (1982), Droegemeier and Wilhelmson
(1987), and Sherman (1987), among many others.
In 2017, a ﬁrst set of experiments has been carried out at WindEEE Dome (Hangan
et al. 2017) to study the class of downbursts induced by stationary thunderstorm
outflows (Solari et al. 2018). This class of phenomena comprehends all thunderstorms
that are stationary in meteorological terms, which means that their vertical axis does not
move with respect to the ground. However, even with the approximation of stationary
thunderstorm, the resulting flow ﬁeld is unsteady as it changes according to the time
evolution of the cumulonimbus cloud as it passes from mature to dissipative stages.
In accordance with the above simpliﬁed assumption of real thunderstorms, the
experiments presented in this paper were carried out in 2017 at WindEEE Dome and
the focus was mainly on the simulation of downbursts generated by stationary but
unsteady thunderstorm outflows. The main objective of this paper is to subject the
measured time series to the classical signal decomposition techniques for transient
winds (e.g., Holmes et al. 2008; Solari et al. 2015; Burlando et al. 2017a, b). Although
these statistical techniques were applied to a number of full scale downburst events, it
will be interesting to investigate their applicability to laboratory produced downbursts.
Moreover, each downburst experiment in WindEEE Dome was repeated twenty times
in order to build high statistical signiﬁcance of the obtained results, as well as to
account for the random nature of turbulent flow and its high dependency on initial
conditions.
Downburst outflows produced in WindEEE Dome are effectively large impinging
jets of various diameters. Over the last several decades, the impinging jet approach to
simulate downburst has been established as a recognized laboratory technique to
replicate full scale events, in particular for wind engineering purposes. Wood et al.
(2001) used continues impinging jet to study downburst outflows over different
topographies as well as flat surface. Two goals of their study were the investigation of
the evolution of velocity proﬁle at different radial distances from downburst centre and
the comparison of speed-up factors between downbursts and atmospheric boundary
layer (ABL) winds. Chay and Letchford (2002) and Letchford and Chay (2002)
investigated the surface pressure distribution on a cube immersed in stationary and
moving downbursts, respectively. Similar to Wood et al. (2001), their goal was also to
compare the pressure distribution of stationary and translating downbursts to the one
produced by ABL winds. For instance, they concluded that at lower translation speeds,
translating downbursts can accurately be approximated as a stationary downburst. They
also reported the largest similarity in pressure distributions between the uniform ABL
winds and a stationary downburst at the radial distance R=D ¼ 1, where R is the radial
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distance from downburst centre and D ¼ 0:51 m is the jet diameter in their simulator.
At a geometric scale of 1:3000, Mason et al. (2005) used pulsed impinging jet to
simulate stationary downburst through flow visualization, velocity measurements, and
surface pressures. Their jet was the same as the one used by Chay and Letchford (2002)
and Letchford and Chay (2002). Xu and Hangan (2008) focused their analysis on
dependencies of impinging jets on Reynolds number (i.e., scale), boundary conditions
(geometry and surface roughness) and inlet conditions. They found that below the
critical Reynolds number, the boundary layer height formed on the surface decreases
while the maximum velocity increases by increasing the Reynolds number. Moreover,
it was demonstrated that the flow is weakly dependent on the distance between the jet
outlet and the surface for distances larger than the ring vortex formation length.
However, their jet diameter was only D ¼ 0:0381 m. McConville et al. (2009) investigated the transient nature of downbursts by directly controlling the simulator fans, as
well as by using two different opening of the simulator. Their experiments were
repeated ten times and the ensemble average was used for subsequent analyses. The jet
diameter in their experiments was D ¼ 1 m. It should be pointed out that they aligned
the velocity signals from ten repetitions by assuming the time to be zero when the
velocity in the ramp-up segment of time series is 40% of the peak velocity. At the end,
it should be noted that the diameter of impinging jets analysed in the present paper is
D ¼ 3:2 m, which is by an order of magnitude or so larger than in all previous studies.
In the following, a short description of the experimental settings used to simulate
downbursts at WindEEE Dome is reported in Sect. 2. An overview of decomposition
methodology is provided in Sect. 3. The measured time series in WindEEE Dome and
their analyses are discussed in details in Sect. 4. Lastly, the paper is closed with
conclusions and prospects for further research in Sect. 5.

2 Experimental Settings
The Wind Engineering, Energy and Environment (WindEEE) Dome at Western
University in Canada is a hexagonal wind tunnel with an inner diameter of about 25 m,
designed to reproduce, at large scale and under controlled inflow and boundary conditions, time-dependent swirling winds such as tornadoes, downbursts, and gust fronts
(Hangan et al. 2017). A schematics of the WindEEE Dome cross-section is depicted in
Fig. 1. The total of one-hundred fans are distributed along the perimeter of the test
chamber with one wall being equipped with sixty fans (so-called 60-fan wall). The 60fan wall can also be used to produce ABL winds (Hangan et al. 2017). In addition six
larger fans are installed in the upper plenum of the WindEEE Dome in order to produce
either tornadoes or downbursts. The upper plenum is connected to the test chamber by
a bell mouth with mechanical louvers that can be controlled remotely. The height of the
chamber ðH Þ is 3.75 m and the bell mouth opening used to generate downburst in this
study is D ¼ 3:2 m; thus D  H.
In terms of experimental inflow conditions, downbursts are generated producing a
dynamic (sudden) vertical flow downward from the bell mouth mounted at the ceiling
of the test chamber (Fig. 1). Since this study is interested in stationary downburst, the
position of the bell mouth installed on a guillotine is kept ﬁxed. However, using
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Fig. 1. Schematics of WindEEE Dome and downburst flow

various translation speeds of the guillotine, WindEEE Dome is capable of producing
translating downbursts. In order to simulate as close as possible the transient nature of
real downbursts, the time of louvres to open and close was approximately 10 s. Jet
velocity at the exit of the bell mouth (i.e. outlet velocity) of Vjet  9 m s1 is
approximately 20% of the maximum rotation per minute (RPM) of the upper six fans in
the WindEEE Dome.
The experiment setup is portrayed in Fig. 2. The data presented in this paper are
obtained at two radial positions from downdraft centre, i.e., R=D ¼ 1 and R=D ¼ 2. In
both cases, measurements were taken at 0.1 m above the surface. Velocity measurements
are conducted deploying a Cobra Probe (Turbulent Flow Instrumentation 2015) with the
sampling frequency of fs ¼ 2500 Hz. The simulated downbursts impinged on the bare
floor which was not populated with any surface roughness elements or topography
features. For each R=D position, experiments are repeated twenty times. This study
investigates individual time series as well as their ensemble average, deﬁned as:
M
  
 
1X
V tj ¼
V ðiÞ tj :
M i¼1

ð1Þ

  
Here, V tj is the ensemble-average of the jth wind speed (V) record in the time
series ðj ¼ 1; 2; . . .; N Þ, N is the total number of records in the time series, and i ¼
1; 2; . . .; M is the ith member of the ensemble ðM ¼ 20Þ, and t is the time.
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Fig. 2. Experiment setup

3 Brief Overview of Signal Analysis Methodology
The extension of Reynolds decomposition to transient wind velocity time series is
applied to analyse experimentally produced downbursts in this study (e.g., Holmes
et al. 2008; Kwon and Kareem 2009; Solari et al. 2015; Burlando et al. 2017a, b):
 ðtÞ þ V 0 ðtÞ;
V ðtÞ ¼ V

ð2Þ

where t 2 ½0; DT  is the time, DT is the period for which the velocity signals are
 ðtÞ is the slowly-varying mean wind velocity (associated with lowexamined, V
0
frequency content) and V ðtÞ is the residual fluctuation (associated with the highfrequency content of V).
By expressing the residual fluctuations as:
~ 0 ðtÞ;
V 0 ðtÞ ¼ rV ðtÞV

ð3Þ

~ ðtÞ is the so-called reduced turbulent fluctuation, Eq. (2) can be cast in the
where V
following form:
0



 ðt Þ 1 þ IV ðt ÞV
~ 0 ðt Þ ;
V ðt Þ ¼ V

ð4Þ

 ðtÞ is
where rV ðtÞ is the slowly-varying standard deviation of V 0 , and IV ðtÞ ¼ rV ðtÞ=V
therefore the slowly-varying turbulence intensity. The analyzed features of the experi ðtÞ, IV ðtÞ, and V
~ 0 ðtÞ.
mentally produced downbursts in WindEEE Dome are V ðtÞ, V

4 Results and Discussion
Figure 3 shows the instantaneous wind speed time series measured at R=D ¼ 1 (left)
and 2 (right). As pointed out earlier, the experiment has been repeated 20 times in order

massimiliano.burlando@unige.it

138

M. Burlando et al.

Fig. 3. Time series of the wind speed measured at R=D ¼ 1 (left) and at R=D ¼ 2 (right) and
their ensemble mean.

to capture the variability of this transient phenomenon. The black line corresponds to
the ensemble mean of all repetitions.
Both the mean time series (black lines), which correspond to the deterministic part
of this phenomenon, as well as the statistical repeatability of the simulations show that
the signal associated with downbursts consists of three main parts: (1) a sudden rampup followed by a rapid decrease of the wind speed, which determines the ﬁrst maximum of the signal; (2) a plateau that can be more or less pronounced depending on the
distance from the downburst centre; and (3) a tail during the downburst dissipation
stage. Qualitatively, these two time series show the same transient footprint as the
velocity records of full scale events (e.g., Sherman 1987; Holmes et al. 2008; De
Gaetano et al. 2014; Burlando et al. 2017a, b).
In the following, the wind velocity decomposition described in Sect. 3 is reported.
 ðtÞ, obtained using a running
Figure 4 shows the slowly-varying mean wind velocity, V
mean with moving average period of 30 s (real time equivalent), chosen according to
Solari et al. (2015).

Fig. 4. Time series of the running mean of the wind speed measured at R=D ¼ 1 (left) and at
R=D ¼ 2 (right), averaged over a period of 30 s. Red lines represent the ensemble mean over all
the black lines.
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Figure 5 shows the slowly-varying standard deviation, rV ðtÞ, of the residual fluctuations. The turbulent fluctuations increase suddenly at the beginning of the downburst
ramp-up, which is at about 1.5 s, then remain almost constant until the end of the
aforementioned plateau, which lasts approximately up to 5 s and 3.5 s at R=D ¼ 1 and
R=D ¼ 2, respectively. Fluctuations increase moving radially further from the downdraft, i.e. from around 0.7 m s−1 at R=D ¼ 1 to around 1.2 m s−1 at R=D ¼ 2, while at
the same time the wind speed decreases. Consequently, this leads to an increase of
turbulence intensity from about 0.1 to 0.2 at R=D ¼ 1 and R=D ¼ 2, respectively. Note
that these values of IV are comparable to the ones that are commonly found in the ABL
(see for instance Pagnini et al. 2015).

Fig. 5. Time series of the time-dependent standard deviations at R=D ¼ 1 (left) and at R=D ¼ 2
(right), considering a period of 30 s. Red lines represent the ensemble mean over all the black
lines.

~ 0 ðtÞ. This parameter is usually
Figure 6 shows the reduced turbulent fluctuations, V
dealt with as a rapidly-varying stationary Gaussian random process with zero mean and
unit standard deviation (Chen and Letchford 2004). This approach is widely shared in
literature, as reported for instance by Solari et al. (2015) and Zhang et al. (2017) and it
holds also for the 20 replications analysed one by one through a global analysis.
~ 0 ðtÞ is considered (i.e. red lines in Fig. 6), it seems
However, if the ensemble mean of V
that the assumption of statistical stationarity and in particular randomness of these
signals does not hold, especially for the signal corresponding to R=D ¼ 1 comparing
the period during the ramp-up (1.5–2.5 s) and partly the plateau (up to 5 s) with respect
to the rest. Closer inspection of Fig. 6 shows that this departure from Gaussian process
is actually true for all the 20 replications, even though this behaviour is partially hidden
by noise.
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Fig. 6. Time series of reduced turbulent fluctuations at R=D ¼ 1 (left) and at R=D ¼ 2 (right).
Red lines represent the ensemble mean over all the black lines.

5 Perspectives
This paper presented the ﬁrst results of systematic analysis of the downburst time series
measured in the WindEEE Dome. The results are shown for two radial distances from
downdraft centre; namely R=D ¼ 1 and R=D ¼ 2 (R is the radial position and D is the
diameter of the downdraft) and one height above surface ðZ ¼ 0:1 mÞ. However,
twenty repetitions of tests for each R=D are performed in order to analyse the transient
nature of the phenomena. The analysis encompass the investigations of individual time
series and their ensemble average. Using the signal analysis technique, all time series
are decomposed into slowly-varying mean, slowly-varying turbulence intensity, and
reduced turbulent fluctuations.
There are two great advantages of simulating experimentally-produced downbursts
in a wind tunnel: ﬁrstly, the phenomenon can be generated under strongly controlled
conditions; secondly, it can be replicated many times with exactly the same boundary
conditions and forcing. This allows, on the one hand, to avoid any kind of environmental disturb, like background flows, which cannot be easily recognised and removed
in real ﬁeld measurements and, on the other hand, to distinguish deterministic and
random parts of signals.
The downburst simulated at WindEEE was a transient stationary phenomenon
without background flow. The lack of background flow allowed to analyse the deterministic part of the downburst, i.e. the ensemble mean hV ðtÞi, without any external
interference and to distinguish three phases of its evolution: ramp-up, plateau, and
dissipation. Besides, the analysis pointed out that the randomness superimposed onto
the deterministic part of the signal could be statistically non-stationary especially in the
period of ramp-up and immediately afterwards. This is not conﬁrmed by ﬁeld measurements, however, in which the statistical characteristics of the reduced turbulence
apparently do not change by time. During a real downburst event, the turbulence ﬁeld
obtained from direct measurements is almost never completely free from interactions
with the boundary layer flow and its reduced turbulence is surely affected by the mixing
with the background flow, which makes more difﬁcult to compare experiments with
ﬁeld data.
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By the end of 2018 a set of new experiments will be performed at WindEEE Dome
in order to study more complex, but also more realistic, meteorological conditions
associated with real downbursts, such as the case of background flows superimposed to
thunderstorm outflows and translating downbursts.
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