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Abstract

A real downburst event that occurred in the city of Genoa, Italy, on 14 August 2018,
is simulated using the full-cloud model CM1. The initiation of the thunderstorm cell
is triggered through the warm bubble technique, which allows simulating the whole
development of the cumulonimbus cloud in a spontaneous way. Following the release of
initial instability into the lower troposphere, a sustained updraft generates an almost 13-km
tall cloud. This, in turn, produces a strong downdraft that accelerates to around —20 m/s
within the lowest 3 km near the ground. It is shown that, despite the downdraft’s shape
is almost linear during the mature stage rather than circular, the downburst maintains to
a large extent a cylindrical axisymmetry while spreading out, similar to impinging jet (IJ)
downburst-like models. Like I] models, the downburst develops multiple vortex rings at
the ground, whose physical origin is mostly related to subsequent downdraft discharges.
Thunderstorm outflows are validated using LiDAR wind measurements, and the simulated
wind fields are made available to the scientific community as an open-access dataset in a
public repository.

Keywords: downburst simulation; cloud model; LIDAR wind measurements

1. Introduction

Thunderstorms represent a key class of atmospheric phenomena with relevant im-
pacts on the environment, sometimes bringing about intense rainfalls, tornadoes or extreme
wind gusts, hailstorms and lightning, and occasionally leading even to casualties. Large
damages and economic losses are associated with thunderstorms in Europe, where they
lead to a total damage estimate of 5 to 8 billion euros per year [1]. In the mid-latitudes,
their outbreaks are primarily brought about by either the passage of extra-tropical cy-
clones and their associated cold fronts or local atmospheric instability producing isolated
cumulonimbus clouds as well as organized mesoscale convective systems. According to
the last Intergovernmental Panel on Climate Change (IPCC) report [2], extreme weather
events are generally expected to worsen further in many parts of the world because of
human-induced global warming: several climatological studies have indicated that the
occurrence of convective environments more prone to severe thunderstorms, both related to
synoptic and isolated systems, is likely to increase worldwide [3-8]. There is, indeed, high
confidence that the larger atmospheric moisture content, due both to more evaporation
and to an improving atmospheric capacity to absorb moisture in a warmer climate, could
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provide more energy for the lifetime and strength of thunderstorms. In this context, an
increasing frequency of severe weather proxies between 5% and 20% is estimated per °C of
global temperature increase, with an expected significant rise in severe weather activity
across Europe during the spring and summer [9].

Among the European areas, the Mediterranean Sea is one of the most interesting
regions in terms of the development of severe weather episodes. Lying in a transition zone
between the arid climate of North Africa and the temperate and rainy climate of Central
Europe, this area is affected by interactions between mid-latitude processes and moisture
advection from surrounding subtropical areas [9]. Because of these peculiar characteristics,
even relatively small changes in the general atmospheric circulation can lead to substantial
changes in the Mediterranean climate, and that’s why it has been identified as one of the
most prominent “hot spots” in climate change projections [10]. During the warm season,
the atmospheric conditions become prone to the development of deep convective systems,
with a frequent occurrence of extreme events whose intensity and frequency are expected
to change in a warmer climate [11,12]. Locally, the exposure to southerly moist flows from
the sea and their interaction with steep orography near the coasts set up the conditions, i.e.,
potential instability and mechanical forcing, favorable to deep convection and enhance the
probability of severe weather events” occurrence. The Ligurian Sea is one of those areas
where, during the late summer and autumn, the interplay of orography and southerly
moisture flux can potentially trigger extreme weather conditions [13-15]. In this area,
efforts have been dedicated to perform numerical simulations of some specific hazardous
events using mesoscale meteorological models, mostly to figure out the role of the Sea
Surface Temperature (SST) in thunderstorms’ formation and strengthening [16,17], showing
that an increase (decrease) of SST by several degrees, on average, intensifies (weakens) deep
convection, and that a high-resolved SST’s field as input data appears beneficial to better
reproduce the real thunderstorm’s behavior. These simulations are, however, targeted at
rainfall forecasts, and their spatial/temporal resolution is insufficient to explicitly resolve
deep convective systems and their associated surface flow fields [18].

Due to these limitations, numerical simulations performed using mesoscale mete-
orological models are not very useful to the scientific community that is interested in
modeling thunderstorm outflows. On the other hand, examples of deep convection simula-
tion exist in the literature using cloud models since the 1980s [19,20], which demonstrate
how these models allow getting the higher spatial and temporal resolutions needed to
explicitly resolve the downburst/microburst evolution at the ground [21]. To the authors’
knowledge, the simulation of a downburst-producing thunderstorm by Orf et al. [22] still
represents the state-of-the-art in terms of simulating downburst near-surface winds using a
cloud model (i.e., Cloud Model 1, CM1 [23]). CM1 is a three-dimensional, nonhydrostatic,
time-dependent numerical model designed for idealized high-resolution simulations of
severe storms containing deep moist convection. The model is fed with an individual ra-
diosounding that characterizes the basic state of the atmosphere, and convection is initiated
within a homogeneous atmosphere through some specific triggering mechanism based
on perturbations superimposed on the basic temperature field. Several works proved this
ability by applying the model to supercell and tornado research [24-29].

Orf et al. [22] simulated an ideal thunderstorm using atmospheric conditions (i.e.,
a radiosounding profile) conducive to the formation of dry downbursts over the High
Plains of the United States, with flat terrain and the thunderstorm initiated using the warm
bubble technique [30]. This is a standard technique in idealized full-cloud thunderstorm
simulations, where a bubble of warmer air is used to impose an air parcel of positive tem-
perature perturbation in the lower atmosphere, resulting in a region of positively buoyant
rising air and subsequent surface convergence. The advantage of using a warm bubble as a
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triggering mechanism for cumulonimbus cloud initiation is that there are no constraints in
the development of the cloud itself and related updraft(s) and downdraft(s). This makes
the simulation of the downburst at the ground much more realistic with respect to other
strategies applied in dry sub-cloud models, like the Cooling Source (CS) approach [31],
which mimics the effect of rain evaporation using a negative temperature perturbation
that generates negative buoyancy, or the Impinging Jet (IJ) model [32,33], in which down-
bursts are simulated imposing a downward momentum source. In CS and IJ models the
downdraft is constrained to a particular shape (typically spherical, elliptical or cylindrical),
which makes the downburst spread out axisymmetrically, losing the complexity of real
downdrafts that are affected, for example, by entrainment of environmental air, rain shafts
and localized evaporative cooling.

The main weakness of the work by Orf et al. [22] as well as other recent downburst
simulations [34,35], however, is that mainly qualitative comparison with real thunderstorm
outflows is provided, while quantitative comparison, if present, is usually limited to a
few vertical profiles. This is because high-resolution (both in space and time) full-scale
measurements are not easily available and, when available, wind measurements often
correspond to downbursts produced by storms that are not spatially stationary or have
strong interaction with the background Atmospheric Boundary Layer (ABL) flows, which
makes the interpretation of such measurements difficult and comparison with simulations
not straightforward. Accordingly, the direct applicability of these numerical results to
the practice remains questionable. In the present work, we simulate by means of the
cloud model CM1 a downburst-producing thunderstorm that hit the city of Genoa (Italy)
on 14 August 2018. This simulation is intended to provide the scientific community
with a case study validated using state-of-the-art full-scale LIDAR measurements of a
real thunderstorm outflow. A comprehensive meteorological description of this event,
which is used to initialize the model, is reported by Burlando et al. [36]. In Section 2, the
thunderstorm is briefly presented and the LIDAR measurements used for comparison with
simulations are described. The numerical model configuration and set-up are reported
in Section 3. Section 4 is devoted to the comparison between simulations and wind
measurements, while the discussion of results and main findings is reported in Section 5.

2. Description of the Event and Wind Measurements

On the 14 August 2018 early in the morning (07:00 UTC, 09:00 local time) a deep
convective thunderstorm developed in the Ligurian Sea, approximately 50 km to the
southwest of the city of Genoa. The thunderstorm moved eastward over the sea and
split into two cells. The cell to the north impacted Genoa approximately at 09:00 UTC.
Figure 1 shows the evolution in space and time of the cell(s) through the Vertical Maximum
Intensity (VMI) of the radar reflectivity measured by the meteorological Doppler radar of
the Liguria Region. VMI values are always above 50 dBZ and the cloud top height (shown
in Burlando et al. [36]) estimated from the Meteosat Second Generation (MSG) satellite
measurements was above 12,000 m when the cumulonimbus cloud approached the city
from the southeast.

In the western entrance of the port of Genoa (at geographical coordinates 8.776764° E
and 44.417497° N, referred to the WGS84), at the tip of the inner breakwater pier, at
5 m Above the Sea Level (ASL), near the all-round red light signal that is mounted on a
light tower to mark the entrance, the Giovanni Solari Wind Engineering and Structural
Dynamics (GS-Windyn) Research Group of the University of Genoa installed in April 2018
a Windcube scanning LIDAR WLS400S (funded by the European Project THUNDERR [37]).
Just a few meters apart in the same place (Figure 2a), the Port Authority had installed
a Windcube V2 vertical profiler in 2015 (funded by the European Project “Wind, Ports
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and Sea” [38,39]). Both instruments were operational when the thunderstorm approached
Genoa and measured a downburst that hit the western part of the city. During this event,
the storm motion was on average about 5 m/s from the southwest and when the downburst
developed, the cloud was a few kilometers off the coast, so the main thunderstorm outflow
recorded by the instruments was approximately from the southeast, which is orthogonal
with respect to the storm motion (Figure 2b).

07:00 UTC .~ s, = _+f 07:30 UTC _#} 08:00 UTC

Figure 1. Radar reflectivity (Vertical Maximum Intensity, VMI) of the thunderstorm measured from
07:00 UTC to 09:30 UTC.

w w 05 = £ oE

Figure 2. (a) Scanning LiDAR (WLS400S, left) and vertical profiler (GE51, right) installed in the
western port of Genoa at the tip of the 5-m ASL high inner breakwater pier (note the red light tower in
between the instruments). (b) Scanning path of WLS400S, storm motion (green arrow), and recorded
downburst direction (red arrow).

The Windcube V2, called hereafter GE51, measures the 3 components of the wind,
(u,v,w) (wWhich are respectively the zonal west-to-east component, the meridional south-to-
north component, and the vertical component), simultaneously at 12 heights Above Ground
Level (AGL), namely 40, 50, 60, 80, 90, 100, 120, 140, 160, 180, 200, 250 m, with a sampling
rate equal to 1 Hz. Accordingly, GE51 measures vertical wind profiles only within the
surface boundary layer, where the well-known nose-like shape profile is often detectable
during downbursts. GE51 is not expected, however, to measure the whole vortex ring
produced by downbursts (e.g., the Primary Vortex, PV), whose height is typically on the
order of a few hundred meters [40]. More details concerning how GE51 works and some
examples of thunderstorm outflow measurements can be found in Canepa et al. [41]. The
scanning LiDAR, called hereafter WLS400S, was configured to work in PPI (Plan Position
Indicator) mode along 4 subsequent scanning paths covering the azimuth from 100° to
250° with 1.5° resolution (100 lines of sight) and 4 different elevations, 2.5°,5.0°,7.5°,10.0°.
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An entire cycle of 4 scanning paths is completed in slightly less than 4 min (approximately
1 min per scan). WLS400S measures the wind component along the line-of-sight (i.e., the
radial wind component), v;, from 300 m to almost 14,000 m with a resolution of 88 m, which
corresponds to 159 measures per line-of-sight.

Data measured by both instruments are temporally correct because they have a clock
synchronized with a NTP server, while they are spatially correct because they were aligned
with respect to geographic north during their installation. A sampling rate of 1 Hz allows
the evolution of the phenomenon to be properly observed, as thunderstorm develops
within 20-30 min. In terms of uncertainty, the accuracy of the scanning LiDAR radial wind
speed is better than 0.3 m/s, while the accuracy of the vertical profiler is 0.1 m/s on wind
speed and 2° on wind direction.

3. Numerical Model Configuration

The CM1 cloud model [42] version release 21.0 is used in Large-Eddy Simulation
(LES) configuration to perform simulations of the thunderstorm described in Section 2.
The governing equations that CM1 uses conserve mass and total energy, even though they
might not be fully conserved in the model due to limitations in numerical integration.
We chose the default LES configurations available also to avoid specific physics, forcings,
or configurations as those related to the Planetary Boundary Layer (PBL) conditions or
to particular weather phenomena. Time stepping to numerically solve the equations is
performed with the Runge-Kutta 3rd order scheme, while the Klemp-Wilhelmson time-
splitting method for acoustic modes is used for the pressure solver, with explicit calculations
of acoustic terms in both vertical and horizontal directions. The advection terms are
discretized using a fifth-order spatial discretization for both scalars and velocities, selecting
this default option in the namelist as it does not require additional artificial diffusion.
The Morrison’s double-moment scheme [43] is used for microphysics. Two simulations
have been carried out using different subgrid-scale turbulence models: the first case,
called CM1-TKE hereafter, applies a subgrid turbulence kinetic energy (TKE) prediction
scheme and subgrid-TKE is then used to determine the eddy coefficients of viscosity and
diffusivity, according to Deardorff [44]; the second case, called CM1-Smag, is based on
a Smagorinsky model that assumes steady and homogeneous subgrid turbulence [45].
Terrain-following coordinates to map the model levels to the terrain are adopted, with the
model top at a constant height. Table 1 provides further details on the model’s boundary
conditions adopted.

Table 1. Namelist options chosen for the simulations.

Namelist Option Choice

Numerical approach Large Eddy Simulation

Subgrid turbulence Deardorft’s [44] and Smagorinsky’s [45] scheme
Microphysics Morrison’s [43] scheme

Lateral boundary conditions Open radiative

Top boundary condition for wind Free slip

Bottom boundary condition for wind Semi-slip

Surface conditions Temperature (land and sea) and moisture fixed over time

3.1. Model Grid and Input Data

The computational domain is squared, 289 km x 289 km x 20.3 km in the x, y,
and z directions, respectively. A stretching factor is applied along the horizontal, with
spacing varying from 50 m in the innermost part of the domain to 1.8 km at the external
boundaries. The stretching factor (i.e., the ratio between subsequent horizontal space steps)
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is constant and equal to 1.012. The total number of grid points is 600 x 600 in the x and y
directions. The horizontal grid has been stretched in order to have a higher resolution in
the centre of the domain, where the storm is supposed to develop, intensify and interact
with the complex orography of the Ligurian region, as well as to save computational time
by reducing the resolution outside the storm. The stretching factor is chosen to make the
resolution change smoothly in order to avoid any kind of numerical discontinuity and
instability. Along the vertical, the grid resolution is 25 m from the ground up to an altitude
of 500 m and 200 m from 2.3 km to the top of the atmosphere assumed at 20 km (i.e., within
the stratosphere). In between (i.e., from 500 m to 2.3 km) the grid is stretched using an
internal CM1’s procedure. The total number of vertical levels is 126. Such a fine grid along
the vertical in the first kilometers from the ground has been chosen to better resolve and
explicitly describe the processes that occur within the ABL and the downburst itself.

In the simulations, surface heat and moisture fluxes and other surface properties, as
well as a detailed orography, are included. As far as the description of the surface properties
is concerned, we used the ERA5 (ECMWEF Reanalysis v5) reanalyses for the land surface
temperature and deep-layer temperature of the soil, with resolution 0.25° x 0.25°, the
USGS land cover data for land cover classification, and satellite observations available from
the Copernicus Marine Service dataset for the SST, both at a resolution of 0.01° x 0.01°.
The orography has been downloaded from the SRTM database, with an original horizontal
spatial resolution of 90 m. As the orography in the computational domain is very steep
at the external boundaries, it has been smoothed applying a cosine function within a
buffer frame of a few kilometers from the boundaries to avoid numerical instabilities.
Finally, surface and orography data have been interpolated from their native grids onto the
computational grid using a cubic spline interpolation. Figure 3 shows the orography after
smoothing it at the boundaries and interpolation.

(m)
2000
1800
20,000 1600
16,000 11400
£ 12,000 11200
£
2 8,00 11000
<
1800
4,000 80
{ 600
0
400
200
-100 -100 0
y (km) x (km)

Figure 3. Computational domain size and orography used to simulate the thunderstorm. The warm
bubble is also shown (red ellipsoid).

3.2. Thunderstorm Initiation

In CML1 the vertical tropospheric conditions have been assumed to be horizontally
homogeneous within the whole computational domain. Accordingly, these atmospheric
conditions have been retrieved from the ERA5 profiles of wind, temperature and dew point
temperature (i.e., humidity) corresponding to 07:00 UTC in a grid point offshore the city of
Savona (Lon 8.5° E, Lat 44.25° N), where the thunderstorm initiated in the morning before
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splitting into two cells (see Section 2). These initial conditions are reported in Figure 4,
which shows the corresponding radiosounding data.
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Figure 4. Radiosounding (skew-T Log-p diagram) used to vertically initialize the atmosphere showing
the thermodynamic conditions of the troposphere before the thunderstorm initiation.

It can be seen that just before the event the air column appears unstable and the
Convective Available Potential Energy (CAPE) is well vertically distributed and up to a
significant value of more than 1200 J/Kg~!, with a moist atmosphere at the lowest levels,
making the Lifting Condensation Level (LCL) very close to the surface, around 970 hPa.
The convective inhibition (CIN) is almost negligible, and the K-index [46], one of the
main stability indices used to determine the probability of thunderstorm occurrence, has a
value for the area of interest equal to 31 °C, which falls within the range associated with
moderate thunderstorm potential [47]. Such conditions are the required ingredients for
deep convection formation in conjunction with the outbreak of a front, which acts as a lifting
mechanism. This is indeed the most probable forcing mechanism that made the air parcel
rising to the level of free convection and led to the thunderstorm development, considering
that on 14 August in the morning colder winds were blowing from the north (confirmed by
full-scale measurements [36], see also Figure 5 until 09:00 UTC) along the coast between
Savona and Genoa, while southerly warmer winds were blowing over the sea.

Since CM1 does not allow to initiate the storm trough frontal wedging, as the model
requires the same initial conditions everywhere taken from a single radiosounding for
the whole domain, the storm was generated by using the warm bubble technique [30], as
done by [22]. Accordingly, a 3D bubble located at 1 km ASL, with a horizontal and vertical
radius of, respectively, 10 km and 1 km, was set in the Ligurian Sea, southwestward of
Genoa (Figure 3). The bubble positioning was chosen via trial and error until the resultant
thunderstorm was approximately centered in the position that it had at 09:00 UTC according
to radar data (see Figures 1 and 2b). The positive anomaly in potential temperature for the
warm bubble was adjusted to +3 K to ensure that the corresponding surface wind velocities
of the downburst closely matched the measured values. This also falls within the range of
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values typically used in works which use CM1 to initialized severe convection bringing to
Mesoscale Convective Systems (MCS) and supercells [48-50].
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Figure 5. Comparison between wind speed (a) and direction (b) measurements (black symbols)
of GE51 at 90 m AGL and CM1 simulations (yellow and orange lines and symbols). The moving
average of observations (purple line) is also shown in (a). The red dashed lines delimit the lifetime of
the downburst.

Both simulations run for a period of 90 min after the warm bubble is released into the
atmosphere. Outputs are saved every 5 min in the first 30 min, when the thunderstorm is
in the initial stages until the updraft has reached the maximum altitude, and every 30 s in
the last 60 min. This choice allows analyzing in great detail the time/space evolution of the
thunderstorm from the downdraft formation to the downburst dissipation at the ground.

3.3. Details on the Computing Resources

High-computing resources from GALILEO100 calculator of the Italian Northeastern
Inter-University Consortium for Automatic Computing (CINECA) have been used to run
all the simulations. The system architecture consists of 636 computing nodes each 2 x CPU
Intel CascadeLake 8260, with 2.4 GHz, 384 GB RAM, subdivided in different partitions.
For the scopes of this work, the partition composed of fat nodes (memory per node 3 TB)
has been chosen, with the usage of 24 nodes and 25 processor cores per node for each
simulation. The time required to run each case depends on both the microphysics and
the turbulence schemes adopted, due to different cloud compositions and thunderstorm
evolutions, ranging between 3 and 11 h.
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4. Validation of the Thunderstorm Simulations

The present section reports the validation of CM1’s simulations using observations
from both the LiDAR systems described in Section 2.

4.1. Comparison with the Measurements of the LIDAR Vertical Profiler

Before CM1 simulations are compared with anemometric LIDAR measurements, the
signals have to be properly synchronized. This is needed because CM1, as opposed to
the meteorological models that use the UTC time frame, does not refer to an absolute
time-reference system. Accordingly, simulation time steps, which are relative times, have to
be assigned the corresponding values in UTC. This is done aligning the signals of simulated
and measured wind speed (horizontal components only) at a reference position that is
chosen to be the location of GE51 at 90 m AGL. This height is chosen because it is neither
too close to the ground (minimum measurement height is 40 m AGL), hence avoiding
possible very local effects on the flow due to the presence of the pier and the red light
signal that cannot be taken into account into simulations, nor close to the top measurements
(maximum measurement height is 250 m AGL) whose signals usually have a larger number
of undefined values. In addition, this is the height where the maximum of the nose-like
shape profile of the downburst is recorded. The alignment is based on the calculation
of the correlation coefficient, p, in between 09:05 UTC and 09:37 UTC: CM1 signals are
shifted until the maximum p value within this time range is obtained. The time range
for correlation mentioned above is chosen in order to focus on those parts of the signals
that correspond to the downburst occurrence only. This is done because CM1 does not
simulate the real weather conditions before and after the downburst, which makes useless
and meaningless the comparison of signals outside the downburst time limits. According
to this procedure, the initial time step of CM1 was set at 08:40 UTC.

Figure 5 shows the comparison between the time series of wind speed and direction
measured and simulated at the reference position (i.e., GE51 at 90 m AGL), after signals are
properly aligned. Figure 5b, in particular, can be useful to identify the selected period of
occurrence of the downburst, which is between 09:05 UTC and 09:37 UTC. Before 09:05 UTC,
the wind was from the northeast with wind speed around 5 m/s, which is coherent with
the radiosounding of re-analyses reported in Figure 4 that shows light winds blowing
from NE in the first 1000 m ASL (between 1000 and 900 hPa). The weak north-easterly
winds at the surface are due to a local effect along the coastline, influenced by the complex
orography. This typically occurs when an Atlantic trough or front approaches the Ligurian
Sea from the west. Replicating the exact mesoscale conditions in CM1 is challenging, as
the model requires a single atmospheric sounding for the entire computational domain.
This is ideal for idealized simulations but unsuitable for simulating the full evolution of
the storm. Therefore, by choosing the warm bubble technique to trigger the storm and
simplifying the sounding, the focus is only on the north-eastward forcing aloft to correctly
set the storm’s motion. At 09:05 UTC the wind direction suddenly changes, marking the
onset of the thunderstorm outflows blowing from the downdraft touchdown position,
shown in Figure 10a (red circle). From 09:05 to 09:37 UTC, the wind direction keeps on
backing, following the thunderstorm track until it blows from the first quadrant (0°-90°).
At this point the wind direction cannot be related to the thunderstorm anymore because
wind blows from a direction that is almost opposite with respect to the touchdown position.
As far as the wind speed is concerned, in the same period two distinct phases can be
distinguished: between 09:05 and 09:15 UTC an isolated peak that might be related to
some gust front preceding the stronger downburst, occurs; between 09:15 and 09:37 UTC
the main downburst is recorded. In the latter period, the wind speed is not particularly
high in absolute terms: the maximum gust is 16.4 m/s and the maximum value of the
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moving mean wind speed (purple line in Figure 5a), averaged over T = 30 s according to
Zhang et al. [51],is 14.8 m/s.

Overall the simulations follow the same trends of the observed wind speed and
direction within the period 09:05-09:37 UTC. The main difference is that CM1 does not
simulate the gust front between 09:05 and 09:15 UTC. The observed peak could have
been due to a localized mesoscale feature, such as a weaker outflow boundary of a pre-
existing thunderstorm cloud. Investigating the physical drivers behind this early gust front
(09:05-09:15 UTC) would be crucial to understand why it was not reproduced by the CM1
model. Unfortunately meteorological observations needed to understand precisely, beyond
any reasonable doubt, what this peak was and what it was really due to is not available.
However, as a matter of fact (see Figure 1 and the thunderstorm evolution described in
Section 2), the initial cloud genesis was well before, in time and space (around 7.00 UTC in
Savona), with respect to the thunderstorm landing in Genoa, which in its turn is actually
derived from the northern cell after the system born in Savona separates in two independent
systems during a process of symmetrci split (see Figure 1 at 9.00 UTC). Following these
considerations, the whole system (and both the northern and southern splits) is thought to
be a multicellular system, with multiple cells developing as the system approaches Genoa.
In this study, CM1 is not simulating the whole evolution of the multicell system, but only
the single cell that landed in Genoa. According to the analysis performed in Section 4, the
simulated cumulonimbus cloud can be considered a good replica of this particular cell,
while all the phenomena that are related to pre-existing cells (e.g., the outflow boundary
mentioned above) are not simulated.

However, both the ramp-up phase of the downburst (between 09:15 and 09:21 UTC
in Figure 5a) and the dissipation after the highest peak (between 09:25 and 09:37 UTC in
Figure 5a) are properly captured in terms of trends as well as intensity. CM1-Smag shows
3 distinct peaks at about 09:21, 09:25, and 09:28 UTC that are present in the observations as
well, even if the first two peaks are overestimated by the model. CM1-TKE shows overall
a smoother behavior with respect to both CM1-Smag and observations. Some metrics
are reported in Table 2 to quantify the performance of CM1. The correlation coefficient
p calculated using wind speed is around 0.8 for both simulations. p, as well as the other
metrics based on wind speed, is penalized by the gust front between 09:05 and 09:15 UTC
that is not simulated by CM1. The mean error, ME, for wind speed U is very close to 0 for
CM1-TKE, whereas it is almost 1 m/s for CM1-Smag, which overestimates the observations
in the first two peaks at 09:21 and 09:25 UTC. The root mean square error, RMSE, for wind
speed is around 2.5 m/s for both simulations. As far as the wind direction 6 is concerned,
ME and RMSE values are similar for both CM1-TKE and CM1-Smag, around 30° and 45°,
respectively. In general, MEs and RMSEs are in line with the typical values found for
meteorological models [52] and re-analyses [53], when compared to synoptic winds.

Table 2. Comparison between observations and simulations. Metrics calculated in the time range
between 09:05 and 09:37 UTC.

Metric CM1-TKE CM1-Smag
o) 0.82 0.79
U ME (m/s) —0.23 0.95
U RMSE (m/s) 2.42 2.72
6 ME (deg) 36.6 34.7
6 RMSE (deg) 47.0 42.8

In addition to the time series compared above, the evolution in time of the wind speed
for the entire vertical profiles is reported in Figure 6 for GE51 observations (a), CM1-TKE

https://doi.org/10.3390/atmos17080721


https://doi.org/10.3390/atmos17080721

Atmosphere 2026, 17, 721

11 of 24

(b), and CM1-Smag (c). All figures show measurements or simulations taken from 09:10
to 09:40 UTC. During this period, which corresponds to the downburst occurrence, the
3 peaks already noticed in the GE51 observations and CM1-Smag simulations (Figure 5a)
at 09:21, 09:25, and 09:28 UTC are also well distinguishable. In particular, all the 3 peaks
correspond to periods during which the vertical profile assumes the well-known nose-like
shape. The first measured peak is shorter and weaker. The second and third peaks are
longer-lasting and stronger. Although CM1-Smag produces higher wind speed values with
respect to the observations, it is able to replicate all the 3 peaks (i.e., nose-shape profiles)
surprisingly well in terms of timing, durations, and vertical extension. CM1-TKE, on the
other hand, replicates the 3 peaks with lower accuracy: overall this simulation provides a
flatter temporal trend of downburst wind intensity, since the first and second peaks are not
well separated, and the third peak is very weak and short compared to observations.

GE51 - Observations CM1 - TKE CM1 - Smag
250 50 50
200 200 200
180 180 180
€ 160 160 1 60
<140 140 140
120 120 120
100 100 100
90 90 90
80 80 80
60 60 60
50 50 50
40 40 40
09:10 09:20 09:30 09:10 09:20 09:30 09:10 09:20 09:30
time (hh:mm) time (hh:mm) time (hh:mm)
| | |
0 5 10 15 0 5 10 15 0 5 10 15
U (m/s) U (m/s) U (m/s)

Figure 6. Comparison between the vertical profiles of the horizontal wind speed measured by
GE51 (a), and simulated by CM1-TKE (b) and CM1-Smag (c) in the period between 09:10 UTC and
09:40 UTC. In (a) the moving average of the observations is shown. Grey areas in (a) correspond to
missing values due to heavy rain.

Vertical wind profiles simulated by CM1 during the identified peak times are evaluated
against observational data and two established analytical downburst models (Figure 7):
the Oseguera-Bowles-Vicroy model [54-56] (called hereafter V92) and the Wood and Kwok
model [57,58] (called hereafter WK98). All profiles are normalised by their respective
maximum wind speed to facilitate intercomparison. At 09:21:00 UTC, both CM1-Smag and
V92 accurately reproduce the characteristic nose-shaped structure evident in the observed
profile. However, V92 exhibits notable divergence from the observational data above 160 m
AGL. In contrast, WK98—and to a greater extent, CM1-TKE—deviate more substantially
from the measured profile throughout the column. At 09:25:00 UTC, V92 demonstrates
the highest fidelity in replicating the observed wind structure. WK98 and CM1-Smag
exhibit comparable behavior near the surface, though both slightly overestimate wind
speeds. CM1-TKE, by contrast, yields an anomalously uniform profile above 80 m AGL,
with a modest acceleration near the surface. By 09:27:30 UTC, observational data indicate
a downward shift of the nose-shaped maximum toward the surface, with wind speeds
remaining nearly constant above 100 m AGL. Under these conditions, neither V92 nor
WKO98 adequately captures the observed profile. Conversely, both CM1-TKE and CM1-
Smag exhibit good agreement with the vertical wind structure, effectively replicating the
measured evolution.
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Figure 7. Comparison between the vertical profiles of the horizontal wind speed measured by GE51
(blue continuous line with markers), simulated by CM1-TKE (orange continuous line) and CM1-Smag
(yellow continuous line), [56] (dashed violet line) and [57] (dashed green line) model at 09:21:00 (left),
09:25:00 (center), and 09:27:30 UTC (right).

4.2. Comparison with the Measurements of the Scanning LiDAR

Each scan of the LIDAR WLS400S refers to a time period of about 50 s, which is the
time required by the scanning head to move from the azimuth 100° to 250°. Accordingly,
the scans are not really instantaneous wind fields. The outputs of the CM1 simulations
are saved precisely every 30 s, instead (in the time range of downburst occurrence), hence
the corresponding wind fields are really Eulerian representations of the flow conditions.
For comparison purposes, we interpolated the simulated wind fields over the same PPI
scanning paths (i.e., azimuth from 100° to 250°; zenith angles 2.5°, 5.0°, 7.5°, and 10°;
100 lines of sight, one every 1.5° azimuth; 159 gates per line of sight with resolution 88 m
from 300 m to ~14,000 m) of the WLS400S. Arguing that 50 s is a time short enough to
consider the observed wind fields frozen (i.e., under the Taylor hypothesis for large eddies),
one could compare the measured scans with the simulated wind fields corresponding to
the time step closer to the initial recording time of the scanning path (i.e., the line of sight at
100° azimuth). However, we decided to perform also a linear time interpolation among the
simulation outputs in order to properly take into account the evolution of the simulated
wind fields. For instance, instead of comparing the WLS400S scan taken at 9:18:31-9:19:21
UTC with the simulated scan at 9:18:30 UTC, each simulated line of sight is calculated
through a linear time interpolation between the simulated scan at 9:18:30 and the following
ones (i.e., at 9:19:00 and 9:19:30) based on the timestamps of the measured line of sights.

Figure 8 shows the spatial distribution of the radial wind velocity component mea-
sured by WLS400S and simulated by CM1 at 3 different times. All PPIs correspond to the
zenith angle equal to 2.5°, which is chosen because it is the most similar to the horizontal
winds. Moreover, PPIs are cropped at ~10 km from the instrument, to better focus on the
downburst. At 09:18:30 UTC, the downburst is approaching the instrument (Figure 8a)
with its Primary Vortex (PV) ring, according to the circular shape of the gust front that, a
couple of km from the instrument, has already reached more than 15 m/s. From the time
series point of view, this is the so-called ramp-up phase (see Figure 5a) that precedes and
lasts until the PV reaches the instrument. In both the CM1 simulations (Figure 8b,c), the
development of the PV is slightly delayed and the PV has not reached yet at this time the
observed intensification level. Moreover, the main approaching direction simulated is here
slightly shifted (~20°-30°) from the observed one (see Figure 5b). Part of the measured
PPI scan (Figure 8a) is missing due to the heavy rain that follows the gust front of the PV.
The same area is however available from simulations, showing a light negative region
(~—5m/s) at a bit more than 5 km from the center at azimuth angles around SSE. This area
corresponds to the rear side of the PV. It is rather clear from the simulated patterns that the
touchdown position was about 5 km at 170°. Finally, it is worth noting that the light blue
area southwest of the downburst is instead yellow in CM1 simulations. Again, this is due
to the fact that CM1 was initialized with southwesterly winds all within the troposphere to
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properly simulate the storm motion, while in reality near the coastline in the lower part of
the troposphere the wind was blowing from the northern quadrants. This is, however, a
local effect that could not be replicated in CM1 and that did not affect the thunderstorm
formation and evolution that much.
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Figure 8. Comparison between the radial wind speed measured by WLS400S (a,d,g) at zenith
angle 2.5° and simulated by CM1-TKE (b,e,h) and CM1-Smag (c,f,i) at 09:18:30 (a—c), 09:22:00 (d—f),
and 09:25:00 UTC (g—i). Positive values are directed towards the instrument (i.e., the center of the
polar diagram).

At (09:22:00 UTC, the PV reaches the instrument. This is the first peak recorded by GE51
(see Figure 5a). At this time, both CM1 simulations have developed a strong PV, whose
intensity is comparable to the observed one. The shape and extension of the PV are similar
between simulations and observations. Yet, CM1-Smag overestimates the observations and
the maximum radial wind speed is about 22 m/s in the magenta area 2 km SSE from the
center. At 09:25:00 UTC, another gust front reaches the instrument. This can be recognized
as the second peak in Figure 5a, which is also the strongest one. In addition, from CM1
simulations one can observe the overall extension of the downburst, which is marked by
the blue areas of negative radial wind speed all around the positive maximum (see circles
in Figure 8e,h). From 09:22 to 09:25 UTC the downburst increases its diameter from about
5 km to 8 km in CM1-TKE.

5. Discussion

In the following Section 5.1, the thunderstorm simulated by CM1 using the Smagorin-
sky scheme for turbulence, i.e., CM1-Smag, is first described with emphasis on the updraft,
downdraft, and downburst formation and evolution in time. For the sake of simplicity,
CM1-Smag is only shown here because CM1-TKE is rather similar from the point of view
of the general and macroscopic characteristics of the thunderstorm. The cloud evolution
in cumulus, mature, and dissipation stage, is also comparable between CM1-Smag and
CM1-TKE. The main difference between these simulations is the very local structure of the
flow fields, as shown in Section 4.

5.1. Morphology and Evolution of Updraft and Downdraft

In the CM1 simulations, the warm bubble starts developing the updraft around
08:55 UTC (for time referencing refer to Section 4.1) and in about 10 min the updraft reaches
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the top of the troposphere. The maps on the left in Figure 9 show the horizontal devel-
opment and extension of the updraft through the maximum w values in the troposphere
at 09:00 UTC (Figure 9a) and at 09:05 UTC (Figure 9c). The vertical sections on the right
(Figure 9b,d) show at the same times the cross-sections at longitude —2 km. According
to Figure 9b, at 09:00 UTC the updraft (red box) had already reached almost 7 km ASL in
altitude and the maximum vertical wind component w was in the order of 30 m/s. Five min-
utes later, at 09:05 UTC (Figure 9d), the updraft reaches the top of the troposphere at 12 km
ASL and the maximum vertical velocities are higher than 40 m/s in the upper part of the
cloud, bringing about an overshooting that reached approximately 13 km ASL. Comparable
high values of the updraft are reported in the literature, for instance by Wienhoff et al. [59]
in their Figure 12, who estimated w > 35 m/s for the vertical wind field obtained from
dual-Doppler radars at 3.5 km in a tornadic supercell. While the updraft grows, a 1-2 km
deep vortex ring develops all around the core of positive w values. The size and shape
of the ring can be seen in Figure 9a,c by the rounded dark blue (w < —10 m/s) shaded
contours, which are minimum values along the tropospheric column: Figure 9a refers to
the layer between 1 and 7 km ASL during the first development of the updraft; in Figure 9¢c
the larger vortex ring superimposed to the ones present in Figure 9a corresponds to the
upper part of the cloud, with an overall extension of about 8 km in diameter. It is worth
noting that the updraft also translates eastward while uplifting due to the atmospheric
westerly flows that were blowing on 14 August in the morning (see Figure 4).
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Figure 9. Left: Horizontal extension of the updraft at 09:00 UTC (a) and 09:05 UTC (c). Shaded
contours are minimum negative vertical velocity component, w, values and contours with labels
are maximum positive w values (refer to scale in (d)). The solid black line is the coastline. The red
triangle is the position of the LiDARs. The black circle in (c) shows the approximate position of the
maximum updraft center at about (—1, 3) km of longitude and latitude, respectively. Right: Vertical
sections taken at longitude —2 km (see the red dashed lines in (a,c)) showing wind vectors (v and w
components), w (shaded contours), and temperature (gray contours) in °C at 09:00UTC (b) and 09:05
UTC (d).
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After the updraft has reached the top of the troposphere, a deep downdraft is initiated
on the lee side (eastern) of the anvil cloud. Figure 10 shows the development of the
downdraft from the top of the troposphere to the ground and its dissipation, which overall
occurs in approximately 15-20 min. In particular, Figure 10a shows the location of the
downdraft in the lower 3 km ASL, where it is stronger and therefore more easily detectable.
The red circle, which is approximately in the center of the maximum downdraft (i.e., the
minimum vertical velocity component) shows that it occurs at about 3.5 km eastward with
respect to the position of the maximum updraft center (black circle). If we assume that
the downburst spreads out at the ground more or less radially from the red circle, the
direction of the thunderstorm outflows measured at the LiDAR location should be from
the south-southeast.
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Figure 10. (a): Horizontal extension of the downdraft at 09:10-09:30 UTC. Shaded contours are
minimum negative vertical velocity component, w, values (refer to scale in (d)). The solid black line is
the coastline. The red triangle is the position of the LIDARs. The black circle shows the approximate
position of the maximum updraft center at about (—1, 3) km of longitude and latitude, respectively,
whereas the red circle shows the approximate position of the maximum downdraft center at about
(2.5, 3) km. (b): Vertical sections taken at latitude 3 km (see the red dashed lines in (a)) showing wind
vectors (1 and w components), w (shaded contours), and temperature (gray contours) in °C at 09:10
UTC. (c): same as (b) at 09:18 UTC. (d): same as (b) at 09:24 UTC.

In Figure 10b—d, the wind vectors of the (1, w) components and w (shaded contours)
along the cross section taken at latitude 3 km (red dashed line in Figure 10a) are reported.
Figure 10b shows that, about 5 min after the updraft overshooting (09:05 UTC), the down-
draft is already well developed and has reached almost 3 km ASL. Except at the very top of
the downdraft where w is somewhere around —15 m/s or lower, vertical wind velocities
are around —10 m/s in between 3 and 10 km, which is not very high and much lower than
the updraft. However, upon reaching about 3 km ASL, the downdraft starts accelerating
(Figure 10c) more likely due to hydrometeor frictional drag that makes the downdraft more
negatively buoyant. The process continues until touchdown, which occurs precisely at
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09:18 UTC. Afterwards, a downburst develops at the ground with multiple vortex rings
(see next section) and the cloud starts slowly dissipating.

5.2. Downburst Development and Characteristics

The downdraft in the lowest part of the troposphere during the thunderstorm mature
stage seems to be wide about 2-3 km, according to Figure 10c that refers to 09:18 UTC,
while the downburst diameter appears to be wide about 6 km. Following the classification
proposed by Fujita [60], the latter size corresponds to a macroburst (i.e., size > 4 km).
However, the shape of the downdraft in this thunderstorm is neither regular nor steady. In
CS as well as I] models, the downdraft is usually assumed to have a rounded (spherical,
elliptical, or cylindrical) shape, which forces the downburst to be axisymmetric at the
ground. CS models are known to provide a more realistic dynamical forcing of down-
bursts and replicability of some of their thermodynamically driven properties, such as
baroclinically generated vorticity in the outflow [61]. However, the low outflow velocities
involved in this typology of experiments lead to favor the IJ approach. On the other hand,
the latter approach suffers from the stationarity of the outflow after the passage of the
primary vortex and cannot capture the buoyancy-driven nature of the phenomenon, thus
partially missing the full physical representation of it [61,62]. An aspect highlighted in
some papers [63—-65] and related to the I] approach is the lack of a clear distinction between
the translational movement of the thunderstorm cell and the boundary layer wind in which
the thunderstorm outflow is immersed at the ground. In full cloud simulations initiated by
a warm bubble, the initial regular shape of the bubble is soon lost and the downdraft is
free to develop an irregular and complex shape. This is the case in the present simulations,
where the downdraft during the mature stage of the thunderstorm is more similar to a
blade. Figure 11a shows how the downdraft (shaded contours) looks like at 09:18 UTC in a
horizontal section taken at 1000 m ASL: the blade-shape of the downdraft is oriented along
the direction NW-SE and is more than 5 km in length. At the same time, the downburst has
just started developing at the ground, as shown in Figure 11c, with horizontal wind speeds
as high as 10-15 m/s ahead of the storm. At 09:24 UTC, the downdraft assumes an irregular
shape (Figure 11b), while the downburst at the ground reaches its maximum speed of
around 25 m/s in the same direction as the storm motion. This is rather interesting as it
seems to suggest where the highest velocities in the downburst can be found given that the
storm motion is known, which is often the case when observations from a meteorological
radar are available. Moreover, despite the irregular shape of the downdraft, the downburst
still develops to a good extent axisymmetrically while spreading outward (Figure 11c,d).
This seems to confirm that CS and IJ models can replicate real downbursts even though
they adopt regular shapes of the downdraft.

The analysis of the downburst produced at the ground reveals some interesting
features, which are shown in Figure 12. This figure presents some vertical sections taken
at Longitude 3 km, which corresponds approximately to the center of the downdraft in
Figure 11, at 09:18:30 (Figure 12a), 09:22:00 (Figure 12b), and 09:25:00 UTC (Figure 12c).
These times are the same as reported in Figure 8, allowing a direct comparison between
the two figures. In Figure 12 the vertical velocity component, w, is shown in shaded
contours, whereas vectors correspond to the vw-components and their intensity is shown
through the arrow scale in the bottom right. At 09:18:30 UTC, the downdraft touches
down and the downburst starts developing at the ground. It is worth noting, however,
that two downdrafts occur at the same time, a secondary one rather weak (i.e., w about
—5m/s) at a latitude of about 1 km, the main one at a latitude of about 3 km with vertical
velocities larger than 20 m/s. Moreover, inside the main downdraft, several gusts (i.e., dark
blue areas) can be seen that will produce pulsating impingements at the ground which, in
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turn, will bring about multiple vortex rings or gust fronts. These pulses, in agreement with
Fujita and Wakimoto [66] and based on the scales that the model can reproduce, should
be classified as microbursts embedded within the larger downburst. The result is also in
agreement with the main finding of [22]: their analysis reveals a very complex evolution
dominated by rapidly fluctuating winds and complex precipitation patterns driving highly
variable local downdrafts embedded within the main downbursts that are spawned by the
simulated thunderstorm.
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Figure 11. Horizontal (uv-components) wind vectors and vertical (w-component) velocity (shaded

contours) at 1000 m ASL at 09:18 UTC (a) and 09:24 UTC (b). Horizontal (#v-components) wind
vectors and magnitude (shaded contours) at 10 m AGL at 09:18 UTC (c) and 09:24 UTC (d).

2.5 min later, at 09:22:00 UTC (Figure 12b), a couple of vertical gusts within the main
downdraft have reached the ground and produced two distinct vortex rings. However,
the vortex rings look very different on the southern and northern sides of the developing
downburst. On the southern side, two vortices about 0.5 km deep can be found at latitude
1 and 2 km. On the northern side, there are no clear vortices but nose-shape profiles from
4 to 8 km, with variable heights of the maximum horizontal velocity. Noteworthy, around
latitude 5.5 km the height of the nose is very close to the ground due to an overlaying
vertical gust that squeezes the nose-shaped profile below. In addition, between 8 and
10 km a reversed flow due to the boundary layer detachment can be seen that displaces the
nose-shape profile upwards. This asymmetry between the southern and northern sides is
due to the interaction between the downdraft, which is translating with the parent storm
towards NE, and the ABL flow that blows from the SW in the simulations. On the southern
side, the vortex rings propagate in the opposite direction of the ABL, but the vorticity has
the same sign for both flows. This favours the entrainment of the ABL into the vortex rings
and contributes to making the vortices longer-lasting through the conservation of rotational
flow. On the northern side, the ABL flow and the vortex rings have opposite circulations.
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This makes the vortex rings break down due to the unstable conditions induced by the
opposing ABL wind.
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Figure 12. Vertical sections at longitude 3 km showing (vw-components) wind vectors and vertical
(w-component) velocity (shaded contours) at 09:18:30 UTC (a), 09:22:00 UTC (b), and 09:25:00 UTC (c).

At 09:25:00 UTC (Figure 12c), the downdraft is dissipating but a third vortex is now
forming on the southern side, also forced by the entrainment of the ABL flow in the rear
flank of the storm. The previous couple of vortices are still clearly detectable at 0 and 1 km
of latitude, which means that their advection velocity was about 1 km in 3 min. On the
northern side, the nose-shaped profile can be found until 10 km (a couple of km inland),
while the boundary layer detachment has expired.

The accumulated precipitation simulated by the model at the end of the occurrence of
the thunderstorm (during its dissipation phase at 09:40:00 UTC) is reported in Figure 13.
By performing a broad comparison of Figure 11d with Figure 13, the highest precipitation
values are located near the simulated highest wind gusts produced by the downburst.
Lighter precipitations also appear to be more skewed towards the NE, thus in the direction
towards which both the larger-scale flow and the downburst winds blow and produce
more intense gusts. This characteristic seems to agree with the typical behavior of a wet
downburst, whose precipitation distribution tends to strongly follow the direction and
intensity of the most significant wind gusts.

https://doi.org/10.3390/atmos17080721


https://doi.org/10.3390/atmos17080721

Atmosphere 2026, 17, 721 19 of 24
Model output at t = 60 min
30 Orography (contours) Accumulated surface rainfall (shaded) [mm]
25 ‘
20
20 1 800 ¢ ‘ N — 18
155 RSP 4 —16
IRURYS PR o Y
g 5 ; 12
< 0 10
3
S -5 8
=
—-10 6
-151 ¢
2
-20
0
-25
_30 T T T

~50 -40 -30 -20 -10 0 10 20 30 40 50

longitude (km)
Figure 13. Accumulated rainfall simulated at 09:40:00 UTC (shaded) and orography in the central
part of the domain (contours).

6. Conclusions

The present paper focuses on simulating a downburst-producing thunderstorm that
occurred in Genoa, Italy, on 14 August 2018, using the full cloud model CM1. This event is
previously described from the meteorological point of view in Burlando et al. [36] and is
now numerically simulated for three main purposes:

1.  To test several microphysics schemes for cloud model simulations and their perfor-
mances in reproducing a real case study event and its main features.

2. To demonstrate, through validating the simulated wind fields against LIDAR mea-
surements, that full cloud models can realistically simulate the downbursts produced
at the ground during thunderstorms.

3. To enhance our understanding of the kinematic processes within the cumulonimbus
cloud, specifically in terms of updraft and downdraft development.

4. To provide the scientific community with the simulated wind fields in a public repos-
itory. The ultimate goal is to share a validated test case of a downburst, creating a
benchmark accessible to scholars, researchers, and students in alignment with the
Open Science principles.

Section 4 shows the comparison between the wind fields simulated at the ground
during the downburst and the measurements from a LiDAR vertical profiler and a scanning
LiDAR operated in PPI mode. Here the time series at a reference position over the vertical
profiler are firstly compared and some standard indices (e.g., mean error and root mean
square error for wind speed and direction) are calculated and used as metrics to evaluate
quantitatively the performance of CM1. These metrics turned out to be comparable with the
same metrics used to compare the wind field simulated using meteorological models during
synoptic conditions. However, it is worth noting that thunderstorms produce rapidly
evolving in time and spatially non-stationary wind fields that are much more difficult to
be simulated with respect to synoptic conditions. This makes the results presented here
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particularly valuable, also considering that simulations are saved and compared every
30 s. Secondly, the comparison of the evolution of the vertical wind speed profiles up to
250 m AGL, which is the maximum height measured by the LiDAR, is shown in order to
understand whether the modulation in time of the downburst simulated by CM1 resembles
to some extent the observations. It was found that the simulation of CM1 carried out using
a Smagorinsky scheme for turbulence is surprisingly similar to the observations in that it
is able to replicate three peaks that were measured by the LiDAR with good timing and
duration, even if the peaks are overestimated in this simulation. In Section 5.2, it is also
shown that these peaks are due to subsequent vertical gusts within the downdraft that
produce at the ground some pulsating impingements which, in turn, bring about multiple
vortex rings or gust fronts that, spreading out from the touchdown position, are recorded
as peaks by the LiDAR when they pass over the instrument. Thirdly, the PPI scans of
the scanning LiDAR are compared with the concurrent outputs of the CM1 simulations.
This analysis allows to understand how the overall structure of the downburst evolves in
time and space, which is particularly useful because the signal of the scanning LiDAR is
blind in those areas where heavy rain occurs, typically below the downdraft. According
to the simulations, the size (i.e., diameter) of the downburst increases rapidly of about
1 km per minute.

After that the wind fields at the ground simulated using CM1 have been validated,
in Section 5 the updraft and downdraft that developed within the cumulonimbus cloud
are analysed. Here, it is assumed that they are at least plausible representations of the
real ones, because unfortunately no direct measurements inside the cloud are available to
understand to what extent the simulations are able to reproduce the entire thunderstorm.
However, they are expected to be rather realistic considering that the simulated downburst
is qualitatively and quantitatively similar to the observations. As a general consideration, it
is shown that the structure of both updraft and downdraft is irregular and rather complex.
While the updraft is forced to start from an elliptical warm bubble, it keeps this shape upon
reaching the top of the troposphere, but within the bubble the field of positive vertical wind
velocity is non-homogeneous, reaching in some regions 40 m/s. Interestingly, all around the
bubble a counter-rotating vortex forms where negative vertical velocities can be as high as
—20 m/s or more. The first downdraft seems to start from this vortex in the lee (with respect
to the atmospheric flows blowing from SW) side of the thunderstorm and descends in a few
minutes up to an altitude of 3 km ASL. Around this altitude, the downdraft associated with
the downburst at the surface develops and, below 3 km, the flow accelerates to more than
—20 m/s, most probably because of the hydrometeor frictional drag and producing a wet
downburst at the surface. The downdraft that hits the ground has a shape similar to a blade,
which becomes more and more irregular as the thunderstorm approaches its dissipation
stage. Noteworthy, despite the shape of the downdraft is not regular as typically assumed
in CS or IJ models (e.g., cylindrical), the downburst produced at the ground spreads out
in a rounded shape that resembles the one produced in downburst-like impinging jets or
downburst produced using a cooling source.

The choice of CM1 for our scopes has been strongly motivated by its being highly
designated to simulate deep convective systems, due to its capability in providing high-
resolved spatio-temporal details. The usage of this full cloud model also includes some
limitations, such as a homogeneous vertical atmosphere coming from a single input ra-
diosounding and the open radiative boundary conditions. CM1 was originally designed for
idealized numerical simulations, therefore it does not have the more realistic forecast-type
configuration that a model like WRF [67] has. However, the primary aim of this study
was not to fully reproduce the environmental conditions associated with the simulated
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thunderstorm, but rather to investigate how the dynamic and thermodynamic components
lead to the development of a downburst in a thunderstorm.

The wind fields simulated by CM1 will be soon available in the Zenodo repository,
which guarantees these data to be available in Open Access to the scientific community
according to the FAIR principles (Findable, Accessible, Interoperable, Reusable). More
test-cases will be also simulated using both CM1 and the meteorological model WREF in the
context of the project -WIND RISK, and properly validated with LiDARs as well as meteo-
rological Doppler Radars. This will allow direct observations of the updraft and downdraft
structures to be compared with the simulations and will provide valuable information on
the maximum vertical velocities that can develop within thunderstorm clouds.

Beyond the specific case study analysed here, the present work highlights the impor-
tance of investigating downbursts not only as hazardous near-surface wind phenomena,
but also as key manifestations of the physical processes governing thunderstorm evolu-
tion. Downbursts represent the final stage of complex interactions between microphysical
processes, buoyancy, precipitation loading, evaporative cooling, and turbulent transport
occurring within convective clouds. Therefore, their analysis provides valuable insight into
the structure and dynamics of thunderstorm downdrafts and into the coupling between
cloud-scale and near-surface flows.

The results obtained in this study suggest that validated cloud-resolving simulations
can constitute a powerful tool for investigating these processes and for improving our
understanding of the internal dynamics of convective storms. In particular, the ability
of CM1 to reproduce both the observed surface wind field and the temporal evolution
of the downburst supports its use for studying the physical mechanisms responsible
for downdraft formation, acceleration, and interaction with the ground. Advancing our
knowledge of downbursts is therefore relevant not only for wind hazard assessment,
but also for a more comprehensive understanding of thunderstorm dynamics and severe
convective weather.
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Abbreviations

The following abbreviations are used in this manuscript:

CM1 Cloud Model 1

IPCC Intergovernmental Panel on Climate Change
SST Sea Surface Temperature

CS Cooling Sources

I Impinging Jet (I])

ABL Atmospheric Boundary Layer

VMI Mertical Maximum Intensity

MSG Meteosat Second Generation

ASL Abobe the Sea Level

GS-Windyn  Giovanni Solari Wind Engineering and Structural Dynamics
GEb1 Windcube V2

AGL Above Ground Level

1Y% Primary Vortex

PPI Plan Position Indicator

LES Large-Eddy Simulation

TKE Turbolence Kinetic Energy

ERA5 ECMWEF Reanalysis v5

LCL Lifting Condensation Level

CIN Convective Inhibition

CINECA Italian Northeastern Inter-University Consortium for Automatic Computing
Vo2 Oseguera-Bowles-Vicroy model

WK98 Wood and Kwok model
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