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On 2-3 October 2020, a heavy precipitation event severely affected northern Italy and in particular the western
Alps, with rainfall amount exceeding 600 mm over 24 h. This event was associated with an upper-level trough
over the western Mediterranean basin, a large-scale configuration typical of heavy precipitation phenomena on
the southern side of the Alps, since it induces a northward transport of large amounts of moisture impinging on
the orography. The present study shows that a relevant amount of moisture moved towards the Mediterranean
basin in the form of an atmospheric river (AR), a long and narrow filament-shaped structure crossing the whole
Atlantic Ocean, characterized in the present case by a maximum Integrated Vapour Transport exceeding 1000 kg
m s L Therefore, in addition to the local contribution from the Mediterranean Sea, a relevant amount of
moisture moved from the Tropics towards the Mediterranean, feeding the precipitation systems.

The presence of an AR represented a distinguishing aspect of the event, superimposed on the well-known
dynamic-thermodynamic mechanisms of heavy precipitation over the Alps. High-resolution numerical simula-
tions and diagnostic tools have been exploited to investigate in detail how the transport of water vapour asso-
ciated with the AR has influenced the dynamics and favoured the severity of the heavy precipitation processes.

The results disclose the role of the AR and add further details to the theoretical framework of heavy precip-
itation mechanisms in the Alpine area, improving our understanding of the complex interaction between large-
scale flows and mesoscale dynamics during extreme precipitation episodes. Due to the relatively fast evolution of
the synoptic disturbance, the typical mesoscale mechanisms would have led only to an ordinary intense rainfall
event. The contribution of the AR turned the event into a devastating flood.

1. Introduction wave, i.e. a pronounced upper level Potential Vorticity anomaly (Mas-

sacand et al., 1998), slowly evolving eastward over the western Medi-

Heavy precipitation in the Mediterranean area, and especially over
the Alps, has been and is still a topic of vivid interest within the scientific
community, given the destructive floods that every year produce severe
impacts and threat to the population (Isotta et al., 2014; Dayan et al.,
2015; Khodayar et al., 2021). Research efforts have focused on a better
understanding of the mechanisms responsible for extreme rainfall as a
step necessary to improve forecasting. Since the Mesoscale Alpine Pro-
gramme field campaign in 1999 (MAP, Bougeault et al., 2001), several
efforts have been devoted to identify the linkage between large scale
conditions and heavy precipitation over the Alps (Rotunno and Houze,
2007, among others). In these events, the presence of a large amplitude
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terranean, is a common feature that has been recently connected to
pronounced undulations in the upper-tropospheric jet and Rossby wave
packets (Grazzini et al., 2021). Grazzini et al. (2020a) identified, in all
three different categories of synoptic patterns associated with extreme
rainfall over northern Italy, the presence of a trough over western
Europe and the Mediterranean, although slightly different in position
and intensity. On the other hand, recent outcomes of the HyMeX Pro-
gramme and its field campaign (Drobinski et al., 2014; Ducrocq et al.,
2014) have highlighted some important physical processes and features
at the mesoscale that are often associated with heavy precipitation and
convection on the whole basin (Khodayar et al., 2021), and specifically
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on the Italian peninsula (Miglietta and Davolio, 2022).

In association with the dynamical forcing, moisture availability is
another key ingredient for heavy precipitation in the Mediterranean
(Khodayar et al., 2018; Grazzini et al., 2020a; de Vries, 2021). In fact,
several recent studies analysed the role of anomalous integrated water
vapour transport towards the region. Just to mention a few, Sodemann
and Zubler (2010) showed that, even within a relevant case-to-case
variability, the Mediterranean is clearly not the only source of humidi-
ty in the region. Winschall et al. (2012, 2014) identified different sectors
of the Atlantic Ocean feeding precipitation events well downstream,
even over the Alps. The role of the Atlantic was also pointed out by Pinto
et al. (2013). Additionally, relevant amounts of moisture can travel to-
wards the Mediterranean basin from the Tropics, when an upper-level
trough develops deeply into North Africa (Turato et al., 2004; Krichak
et al., 2015; Chazette et al., 2016). A recent study (de Vries, 2021)
pointed out that extreme precipitation events in the midlatitude are
often modulated by the combined occurrence of Rossby wave breaking
and intense moisture transport. The strong upper tropospheric forcing
favours poleward moisture injections and also rising motion by reducing
the atmosphere static stability.

In spite of the large number of studies focusing on extreme precipi-
tation on the Alps, only in the last years it has been recognised that the
moisture transport towards and over the Mediterranean may assume the
form of an atmospheric river (AR; Ralph et al., 2018). In fact, previous
studies only suggested the link between rainfall over Italy and tropical
moisture transport (Berto et al., 2004; Malguzzi et al., 2006; Buzzi et al.,
2014), but only Krichak et al. (2015) analysed the Integrated Vapour
Transport (IVT) field to assess the presence of an organized moisture
transport, although without applying an objective identification algo-
rithm. More recently, Davolio et al. (2020a) revealed the presence and
the role of an AR associated with a very intense Mediterranean storm
occurred in October 2018 (Cavaleri et al., 2019; Giovannini et al., 2021).
Finally, ARs over the Mediterranean affecting both the Iberian Peninsula
(Lorente-Plazas et al., 2019) and the eastern basin (Bozkurt et al., 2019)
were analysed, showing that besides heavy precipitation, ARs may be
associated with other severe environmental phenomena such as snow
melting and dust transport (Francis et al., 2022).

At the mesoscale, vapour transport towards the Alps is often orga-
nized in the form of a pre-frontal meridional low-level jet over the
Tyrrhenian Sea (e.g., Buzzi and Foschini, 2000), in response to a trough
over the western Mediterranean (relevant geographical details in Fig. 1).
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The thermodynamic characteristics of the impinging moist flow are
fundamental to determine the interaction with the orography (Miglietta
and Rotunno, 2014) and thus the space/time distribution of the rainfall.
In particular, from the analysis of one infamous flooding episode
affecting the Piedmont region in 1994 (described in Grazzini et al.,
2020b; Davolio et al., 2020b) and other successive severe events,
Rotunno and Ferretti (2001, 2003) provided an enlightening picture of
the mesoscale mechanisms responsible for heavy precipitation over the
western Alps. The orographic uplift of the pre-frontal southerly
moisture-laden flow is enhanced due to the convergence with an easterly
low-level current over the Po valley, coming from the Adriatic basin (see
Fig. 8e in Rotunno and Ferretti, 2003). The latter flow is more stable,
thus it is deflected in front of the Alps as a barrier wind (Buzzi et al.,
2020) and undercuts the main southerly stream, before they rise
together over the Alpine chain. The persistence of this pattern, favoured
by the slow eastward evolution of the synoptic disturbance, may be
conducive to high rainfall amounts.

At the beginning of October 2020, an intense extra-tropical cyclone
(named Alex by MeteoFrance on behalf of EUMETNET, Brigitte in cen-
tral Europe, and Aiden in the UK and Ireland) moved towards northern
France, setting up the large-scale pattern typical of heavy rainfall over
the western Alps, so that devastating floods occurred over the French
Riviera, Liguria and Piedmont regions in Italy (C3S, https://climate.
copernicus.eu/esotc/2020/storm-alex). As noted in a preliminary
analysis of the event (Magnusson et al., 2021), the strong water vapour
transport across the Mediterranean was organized in the form of an AR.
The importance of mesoscale mechanisms of orographic interaction,
associated with a moisture source from an AR, has been observed during
intense orographic precipitation events over northern California (Smith
et al., 2010) and the Pacific Northwest (Mueller et al., 2017).

Therefore, the aim of the present study is to analyse this torrential
precipitation episode over north-western Italy building on the concep-
tual framework of heavy Alpine rainfall described above but evaluating
also how the AR, which is a distinguishing aspect of this event, impacted
on its severity and dynamics. For the first time, an identification algo-
rithm is applied to objectively identify an AR coming from the North
Atlantic, associated with heavy rainfall over the western Alps. The
assessment of its role in triggering the severity of the event allows to add
important additional details to the theoretical picture of heavy precip-
itation dynamical mechanisms in the area and to improve the under-
standing of the complex interaction between large scale flows and

Fig. 1. Relevant geographical details of the area of interest and orography (grey shading corresponds to 500, 1000, 1500 and 2000 m). (a) MOLOCH integration
domain; “GLion” and “LigS” indicate Gulf of Lion and Ligurian Sea, respectively; P indicates the location of the Palma sounding shown in Fig. 7. (b) Portion of the
integration domain, “WAlps”, MAlp” and “App” indicate the mountain areas of western Alps, Maritime Alps and Apennines; “Pied” and “Lig” indicate Piedmont and
Liguria regions; M denote the location of Milan radiosounding shown in Fig. 8. The two black dots over the Ligurian Sea indicate the location where mixing ratio and

moisture transport profiles are computed (see Section 4.2 and Fig. 13).
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mesoscale dynamics during extreme precipitation events.

The paper is organized as follows. Section 2 provides an overview of
the datasets and tools, including the numerical modelling chain. Section
3 describes the event, its ground effects and provides an evaluation of
the AR intensity. Also, it analyses the moisture sources through back-
ward trajectory computation. Section 4 presents the high-resolution
simulation results devoted to investigate the mesoscale dynamical as-
pects and to evaluate the different contributions of water vapour
transport to the severity of the event, their penetration towards the Alps
and their interaction. Conclusions are drawn in Section 5.

2. Data, methods and tools

Different tools and methodologies are employed for a deep analysis
of the multiscale features involved in the water vapour transport
responsible for the severity of the case study. To investigate the large-
scale transport, a Lagrangian perspective is adopted, computing 48-h
backward trajectories through the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model (Stein et al., 2015; Rolph et al.,
2017). HYSPLIT is applied to the Global Forecasting System (GFS)
dataset, at 0.25-degree horizontal resolution and at 3-h intervals. The
dataset is based on concatenated short-term forecast model output on
native model (hybrid) levels from successive (6-hourly) GFS runs. Along
the trajectories, ending at different elevations over the Alpine area
affected by intense rainfall, moisture (relative humidity and mixing
ratio) is considered.

The AR detection is based on the Guan and Waliser (2015) algorithm,
which combines intensity and geometry thresholds. In fact, the AR is the
object identified by contiguous areas that satisfy the following criteria: i)
85-percentile threshold for IVT, together with a minimum value (100 kg
m ! s71) that gets rid of weak-IVT areas; ii) length >2000 km and aspect
ratio >2 (length/width). With respect to its original formulation, the
algorithm required some adaptation because of the U-shape of the AR,
originated over the Atlantic and entering the Mediterranean, and of the
complex morphology of the basin. Thus, some modifications have been
applied to the directional requirements of the algorithm. In more details,
the threshold for coherence in IVT direction has been relaxed from 45°
to 65° and the meridional component of IVT has not required to be
strictly positive (northward). This allows for the identification of the AR
as presented below in Section 3 and Fig. 3. For the AR detection, ERA5
reanalyses (Hersbach et al., 2020) provide IVT during the event and
have been used for computing the monthly 85th percentiles of IVT over
the last 15 years, as requested by the algorithm (Guan and Waliser,
2015). Moreover, ERA5 3-hourly IVT fields since 1959 to 2022 have
been also used to compute percentiles, in order to provide a climato-
logical context to this event (see Section 3) in the Mediterranean area.

Precipitation observations are provided by the ground-based rain
gauges network managed by the regional offices and collected by the
National Italian Civil Protection Department. This network is composed
of about 4500 stations, and it is characterized by a mean density of 1/
100 km?, with higher resolution in the area of interest up to 1/50 km?
(Bruno et al., 2021). Also, data provided within the event technical re-
ports (ARPA Piemonte, 2020; ARPAL, 2020) available from the regional
meteorological centres have been exploited especially for model vali-
dation (see Section 4).

This study exploits also high-resolution numerical simulations to
better understand the interaction among the large-scale moisture
transport by the AR, the mesoscale dynamics and the local complex
orography. The BOLAM (BOlogna Limited Area Model)-MOLOCH
(MOdello LOCale in Hybrid coordinates) modelling chain (Buzzi et al.,
2014), developed at the Institute of Atmospheric Sciences and Climate of
the Italian National Research Council (CNR-ISAC), is implemented using
the European Centre for Medium-Range Weather Forecasts (ECMWF)
analysis fields as initial and boundary conditions. Three different
initialization times were adopted on the day before the event (0000,
0600 and 1200 UTC, 1 October 2020) to explore the variability of the
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predicted rainfall fields and identify a reference simulation for a detailed
analysis. All the simulations lasted until 1200 UTC, 3 October 2020.

BOLAM is a hydrostatic limited-area model, which integrates the
primitive equations on a latitude-longitude rotated grid (grid spacing
about 10 km) and uses a terrain-following vertical coordinate system, in
which the 50 sigma levels smoothly tend to a pressure coordinate far
from the ground. Its domain covers the entire continental Europe up to
60°N and extends over tropical Africa till 20°N. To properly describe the
evolution of the storm and of the vapour transport, the domain covers
also a large part of the Atlantic Ocean. As in the current operational
practice at CNR-ISAC, the convection permitting model MOLOCH
(Malguzzi et al., 2006; Trini Castelli et al., 2020) is nested (one-way) in
BOLAM. The latter provides the boundary conditions at a suitable
temporal (hourly) resolution. The MOLOCH domain, consisting in 626
x 418 grid points with a horizontal grid spacing of about 3 km and 60
terrain-following vertical levels, covers the entire central-western
Mediterranean basin (Fig. 1a). BOLAM and MOLOCH share the same
three-dimensional advection scheme based on a second-order, weight-
ed-average flux implementation with “superbee” limiter (Hubbard and
Nikiforakis, 2003). Also, the physical parameterization schemes are
similar, except for some adjustments due to the different nature and
resolution of the models: boundary layer turbulence (E-l, 1.5 order
closure; Zampieri et al., 2005; Trini Castelli et al., 2020), deep convec-
tion (Kain, 2004, not activated in the present application of MOLOCH),
radiation (Ritter and Geleyn, 1992; Morcrette et al., 2008), and soil and
microphysical processes (Buzzi et al., 2014). Orography, geographical
distribution of soil types, soil physical parameters and vegetation
coverage, as well as soil physical processes are described by means of a
seven layers soil model. Sea surface temperature (SST) at the initial time
is provided by the ECMWF analysis; then its evolution is based on a
simple slab ocean model, where the deep ocean temperature is kept
fixed, while SST evolves in the surface layer depending on radiative and
latent/sensible heat fluxes. More details on the modelling chain can be
found in Davolio et al. (2020b) and reference herein.

MOLOCH outputs are used to compute moisture fluxes along selected
cross sections or vertical integrated values (from 1000 to 300 hPa) of
water vapour (IWV) and IVT, defined as:

300 hPa 2300hPa
WV = é qdp = R‘j ’;V dz
sfe sfe
300 hPa 2300 hPa 2300 hPa
IVT:Z%7 / qVdp= Zdu;,z dz; / Izdvll’i dz
oo e e

where g is the gravitational acceleration, q the specific humidity, p the
pressure, V (u,v) the horizontal wind (components), T, the virtual
temperature, and Ry the gas constant for dry air. Since the variables are
defined on the model levels and not interpolated over isobaric surfaces,
the integral is computed from the surface to the highest model level over
which the pressure is lower than 300 hPa.

3. Synoptic evolution, precipitation and water vapour transport

The storm developed as a cut off low within an upper-level trough
over the North Atlantic. An extra-tropical cyclone rapidly deepened west
of Scotland on 1 October 2020 and the explosive cyclogenesis process
(Sanders and Gyakum, 1980) was fostered by the dynamical interaction
of the surface low with an intense jet stream characterized by a marked
undulation over western Europe. The cyclone deepened to 970 hPa
while moving south-eastward towards the Brittany coast where it first
made landfall in the night between 1 and 2 October. During 2 and 3
October, the cyclone slowed its eastward progression across northern
France, while the associated cold front swept over the Mediterranean
basin, where heavy precipitation occurred. The storm Alex produced
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hurricane force winds between southern UK and northern France, while
heavy precipitation and thunderstorms severely affected south-eastern
France and northern Italy (Mahovic and Nietosvaara, 2020; Magnus-
son et al., 2021), where numerous historical records of rainfall were
broken and many floods occurred (ARPA Piemonte, 2020); outage of
power, telecommunication, water supplies and rail services, infrastruc-
ture and environmental damages as well as at least 15 fatalities were the
toll of this devastating weather event.

At 1200 UTC, 2 October (Fig. 2), a deep trough extended over the
western Mediterranean and the intense pressure gradients along its
southern border favoured strong water vapour transport in the form of
an AR, located ahead of the cold front. The AR is clearly identified by the
detection algorithm across the Atlantic Ocean, undulating north of the
pressure ridge before descending southward, driven by the cyclonic
circulation around the trough, and finally entering through the Gibraltar
Strait into the Mediterranean basin (Fig. 3a). The AR pattern is also
confirmed by the composite of Microwave satellite estimates of total
precipitable water (Fig. 3b).

To contextualize the IVT of this event within the climatology of the
western Mediterranean, all October IVT values since 1959 have been
considered. The spatial variability of the 99.9th percentile for IVT is
shown in Fig. 4a (note that the 85th percentile map is very similar to that
shown by Lorente-Plazas et al., 2019 in their Fig. 2¢). The 99.9th per-
centiles for IVT are larger over the sea, where values are generally lower
than 800 kg m ™! 57!, exceeding this threshold only over the Gulf of Lion
and in the Ionian Sea. Therefore, since at its maximum intensity the AR
analysed in the present study reached up to about 1120 kg m~! s7%, it
ranks for sure in the top 0.1% in the western Mediterranean. In addition,
Fig. 4b shows the maximum IVT values for each grid point of the domain
in the same period, which range between 900 and 1200 kg m ! s~* over
most of the western basin. The signature of the October 2020 AR can be
clearly identified between Balearic Island and North Africa coast, indi-
cating that IVT values in that area were the strongest ever recorded.
Similarly, the AR associated with the October 2018 event analysed in
Davolio et al. (2020a) left his footprint (IVT above 1200 kg m! s’l) just
over the central Italian coast (Fig. 4b). It is worth mentioning that these
two ARs emerged in a preliminary climatological analysis, still ongoing,
as among the five most intense events affecting northern Italy in the last
60 years, in terms of IVT values attained over the Mediterranean.
Although IVT values were similar, the two ARs presented several dif-
ferences. First a different remote origin, from North Atlantic in 2020 and
from Tropical Africa regions in 2018. The persistence of the moisture

)
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Fig. 2. GFS analysis of 500-hPa geopotential height (black contours),
500-1000-hPa thickness (colour shading), and mean sea level pressure (white
contours) at 1200 UTC, 2 October 2020 (source www.wetter3.de). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Weather and Climate Extremes 39 (2023) 100542

supply and the extension of the area affected by moisture transport and
by heavy precipitation were larger in 2018, while the AR analysed in this
study was narrower and more focussed solely on western Italy. Finally,
analysing the vertical distribution of moisture and moisture fluxes (see
Fig. 6 in Davolio et al., 2020a), the AR analysed in this study was thicker,
since the same high values of water vapour transport were confined
below the lowest 4000 m in the 2018 storm, while reached higher
elevation in October 2020.

A further classification of the event is provided by the AR scale
(Ralph et al., 2019; Eiras-Barca et al., 2021) that considers both the
maximum instantaneous intensity at the landfall region and duration.
Considering the Liguria coast as the landfall region in October 2020,
since the maximum IVT in the area was about 950 kg m ™! s™! and that
the AR (as identified by the detection algorithm) remained over the
region slightly longer than 24 h, the event falls in the AR3 (strong)
category, very close to be AR4 (extreme). In 2018, considering the
landfall over central Italy, the rank falls between AR4 and ARS.

At the mesoscale, the deepening trough activated a warm and moist
low-level jet over the Tyrrhenian Sea impinging on the western Alps
where it converged with an easterly current, entering from the northern
Adriatic basin and flowing in the Po Valley along the Alpine foothills, as
confirmed in the detailed description of the event by the Piedmont
regional meteorological centre (ARPA Piemonte, 2020). Some rain
gauge stations in the Piedmont region in Italy recorded their highest
rainfall totals since records began in 1951. Precipitation amounts
exceeding 600 mm, corresponding to an event with return time of more
than 200 years, fell almost entirely during 2 October, although most of
the rainfall occurred in the second half of the day, with maximum in-
tensity in the late evening (Fig. 5¢). Fig. 5a reveals two regions of heavy
precipitation exceeding 200 mm in 24 h: over the Alps, where rainfall
occurred over a wide area, and over the coastal orographic range
(Apennines and Maritime Alps) of Liguria, close to the French border.
Precipitation affected to a lesser extent, and especially in the morning of
2 October, also the eastern portion of Liguria. Finally, rainfall persisted
in the same area in the very first hours of the day after, but quickly
moved eastward with the cold front and weakened due to the arrival of
cold and dry air over the area.

Compared to previous major floods, as those occurred in 2000
(Milelli et al., 2006), 2002 (Winschall et al., 2012) and 2016 (Cremonini
and Tiranti, 2018), this event shares the same typical mesoscale pattern
described above. On the other hand, the large-scale setting, although
similar, presents some relevant differences. In fact, in previous episodes,
the trough originated due to the intensification of a large amplitude
baroclinic wave, producing a progressive increase of the pressure
gradient between the western Mediterranean and eastern Europe, thus
favouring meridional exchanges and a slow eastward progression of the
weather systems. In October 2020, the trough was less pronounced over
the western Mediterranean, and the cyclonic circulation was associated
with an extremely intense storm over northern Europe, missing in the
previous flood events. The baroclinic wave did not amplify markedly
over the western Mediterranean and consequently resulted less sta-
tionary. Thus, the duration of the event was significantly shorter (but its
severity was not lower), since the precipitation system swept over the
area in about 24 h, while the previous floods were characterized by a
greater stationarity of the phenomena. Thus, it seems important to
investigate the role of the very intense AR, which appears as a peculiar
feature of this event. Therefore, the first analysis aims at identifying the
main sources of moisture feeding the extreme precipitation, through a
Lagrangian backward trajectory computation as described in Section 2.

3.1. Trajectory analysis

To investigate the transport of moisture feeding the heavy precipi-
tation system, backward trajectories are computed ending at different
elevations in the Alpine portion of the Piedmont region, corresponding
to the maximum rainfall area shown in Fig. 5a, and at different instants
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Fig. 3. (a) IVT (kg m ! s71) and AR shape detection (thick black line), and 500 hPa geopotential height (gpm, thin black lines) at 1200 UTC, 2 October 2020. (b)
Total Precipitable Water (g cm~2) from SSM/I composite for 2 October 2020 (Image provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their
website at http://psl.noaa.gov/).
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Fig. 4. (a) 99.9th percentile and (b) max values of IVT (kg m~! s71) for October in the period 1959-2022.
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Fig. 5. The 24-accumulated precipitation (mm) during 2 October 2020. (a) Interpolation of the Italian rain gauge network; the rainfall map is provided by the
National Civil Protection Department through the Dewetra platform (Italian Civil Protection and CIMA Research Foundation, 2014). (b) As simulated by MOLOCH;
the displayed area is a small portion of the entire integration domain. Administrative borders among the Italian regions are also shown. (c) Rainfall time series at the
station where the highest precipitation amount was recorded (Sambughetto in the Piedmont region over NW Alps, provided by the Dewetra platform).
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Fig. 6. Set of nine 48-h backward air parcel trajectories, computed using the HYSPLIT model, ending at 0000 UTC, 3 October 2020 over the western Alps in the area
of maximum precipitation at different elevation a.s.l.: (a, d) 2500 m, (b, €) 3000 m and (c, f) 4000 m. (a, b, ¢) show air parcel mixing ratio (g kg’l); (d, e, f) show the

air parcel elevation (m a.s.l.).

in the afternoon of 2 October. Fig. 6 shows the results of three groups of
nine 48-h backward air parcel trajectories that end at 2500, 3000 and
4000 m a.s.l. (above sea level), respectively, at 0000 UTC, 3 October. It
is worth mentioning that the GFS orography elevation in correspon-
dence to the nine ending points does not exceed 2500 m and that,
changing the ending time to other instants within the most intense phase
of the event, that is in the afternoon of 2 October, leads to almost the
same results.

Air parcels reaching the Alps at 2500 m a.s.l. originate entirely over
the central Mediterranean (Fig. 6a,d). Some of them move northward
over the Tyrrhenian Sea at low elevation (less than 500 m a.s.l.) while
moistening (mixing ratio between 10 and 12 g kg™!) possibly due to
turbulent mixing in the moist marine boundary layer, until they are
forced to rise suddenly over the Apennines and the Alps. The passage
over the orography produces an increase of the relative humidity up to
saturation, and a progressive drop of water vapour content, indicating
condensation and precipitation along the final part of the trajectories.
The same effect of condensation is evident for those particles that
overcome the central Apennine, move northward over the Adriatic Sea,
where they gain moisture, and finally enter the Po Valley (barrier wind
described in Section 1).

The analysis of trajectories ending at a higher elevation over the Alps
(3000 m, Fig. 6b,e) identifies two different regions of origin of the
parcels. Half of the trajectories display the same characteristics
described above as they travel over the Tyrrhenian or the Adriatic Seas,
reaching the easternmost portion of the precipitation area. The others
originate far away over the Atlantic Ocean, where they travel at a
relatively high elevation, above 1500 m a.s.l. These parcels descend as
they enter the Mediterranean basin (even below 500 m a.s.l.) and
experience a marked increase of mixing ratio from 5 to 8 to more than
10 g kg™, before being lifted over the Italian orography where precip-
itation occurs.

Air parcels ending at higher elevation (4000 m a.s.l., Fig. 6c,f)
originate exclusively from the Atlantic Ocean (note that the same
behaviour is observed already at 3500 m a.s.l.) where they travel above
2000 m a.s.l. and are characterized by mixing ratios often below 5 g kg~
(the higher the elevation, the lower the moisture). Again, when this flow
enters the Mediterranean basin in correspondence of the southern tip of
the Iberian Peninsula, the parcels get closer to the sea surface and
experience an increase of moisture content.

The present analysis, besides providing an insight on the sources of
moisture feeding the heavy rainfall, reveals that there are three main
paths towards the precipitation area, and that these three feeding flows
superimpose each other before reaching the Alps: the easterly flow from

the Adriatic moves at the lowest elevation, while, at higher altitudes, the
southerly flow from the Tyrrhenian Sea progressively leaves room to the
southwesterlies from the Atlantic and the western Mediterranean. The
latter dominates above 3500 m a.s.l.

For clarity’s sake, the results shown so far refer to a very limited
number of trajectories, but they have been checked using a much denser
matrix of grid points corresponding to the end of the trajectories. For
each level, more than one hundred parcels have been computed to
identify the three clusters of trajectories, with only some “outliers”
(trajectories that do not pertain clearly to any of the three clusters).
Although the water vapour amount of the parcels that reach the coast-
line is quite similar and in the range 10-12 g kg™*, with slightly lower
values for the trajectories coming from the Adriatic, the parcels coming
from the Atlantic area display the largest variation in mixing ratio, since
their descent over the Mediterranean basin allows to increase the
moisture, due to exchange with the moist boundary layer, but also
probably to convergence. In fact, not only the trajectories closer to the
sea surface experience an increase in humidity, but also those that
remain at higher level. In any case, the lower the trajectory altitude over
the Mediterranean, the larger the mixing ratio increase, suggesting a role
of the sea surface.

4. High resolution numerical simulations

Despite the relatively coarse resolution, GFS and ERA5 data, and
consequently HYSPLIT trajectory analysis, have allowed to confirm the
transport of humidity in the form of an AR and to describe the general
dynamical picture of the moist flows feeding the precipitation, in good
agreement with the preliminary study of Magnusson et al. (2021). In
order to gain a more detailed view of the mechanisms responsible for
extreme rainfall, high resolution is required; therefore, numerical sim-
ulations with the convection permitting model MOLOCH (see Section 2)
have been performed. Since our aim is to exploit these high-resolution
numerical experiments to closely examine the mechanisms of water
vapour penetration across the orography and the mesoscale dynamics, it
is first necessary to verify that the model output is in general agreement
with the observations, especially as far as rainfall and moisture fields are
concerned. A detailed quantitative validation of the model is out of the
scope of the present paper; however, as discussed hereafter, the simu-
lations turn out to correctly reproduce the distribution of the precipi-
tation and the main dynamical patterns of the event.

The three MOLOCH simulations, initialized 6 h apart since 0000 UTC
on 1 October, reproduce quite accurately the 24-h accumulated rainfall
on 2 October and differ only slightly from each other. However, the
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simulation starting at 1200 UTC produces the most intense rainfall peaks
(Fig. 5b) and looks much closer to the observations. For example, it is the
only numerical experiment that correctly reproduces the rainfall band
over the sea on the eastern portion of the Genoa Gulf in the early
morning of 2 October (caught by radar, not shown), due to convective
activity organized along a low-level convergence line and triggered by
moderately unstable moist prefrontal flows. Therefore, only this simu-
lation, taken as the reference, is discussed and used to investigate the
physical mechanisms.

Compared with the observed daily rainfall (Fig. 5a), the two areas of
intense precipitation are well defined. Over the Apennines and Maritime
Alps, the maximum intensity is attained close to the French border and
in correspondence with the mountain crests, confirming the mainly
orographic nature of the precipitation (even though some convective
activity was present, as demonstrated by lightning detection). Moreover,
the area of low precipitation almost in the middle of the Liguria region is
correctly placed. Rainfall markedly decreases moving southward to-
wards the coast as well as northward over the Po Valley and affects only
the western portion of the plain. Finally, the most intense precipitation is
correctly localized over the western Alps, although the model un-
derestimates the peaks, which reach almost 400 mm in 24 h in some
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limited regions. In any case, the wide area most severely affected by
torrential rainfall, with amount exceeding 200 mm, is correctly outlined.
It is worth noting that also the rainfall field simulated by BOLAM
correctly captures the main patterns, although the field appears much
smoother, and the peaks largely underestimated especially over the
Apennines where the value of 200 mm is hardly reached.

The water vapour transport over the Mediterranean is among the
important characteristics of the event that the model should be able to
reproduce realistically for a correct simulation of the rainfall field. To
this aim, the vertical thermodynamic profiles of the atmosphere at the
Palma station on the Balearic Islands are analysed to verify that the
model simulates the correct timing of the arrival of the AR from the
Atlantic into the Mediterranean basin. Observations at 0000 UTC, 2
October (Fig. 7a), reveal a quite dry and moderately unstable atmo-
sphere, on top of an almost saturated and calm boundary layer, capped
by an inversion at 900 hPa that strongly inhibits convective triggering.
However, just 12 h later (Fig. 7b), the approach of the AR is revealed by
a pronounced increase of humidity especially in the lower and middle
troposphere between 850 and 500 hPa, pushed by south-westerly winds.
Finally, at 0000 UTC on the following day (not shown), behind the cold
front, the dry air trapped within the cyclonic circulation of the storm
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Fig. 7. Skew T/log P thermodynamic diagrams at 0000 UTC (a, ¢) and 1200 UTC (b, d) 2 October 2020, as measured (a, b, source AEMET) and computed from the
MOLOCH simulation (c, d) at Palma de Mallorca (code 08 302 — location shown in Fig. 1a).
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Fig. 8. (a) 950-hPa wind as simulated by MOLOCH at 1200 UTC, 2 October 2020; grey contour shows the 500 m orography elevations. (b) Skew T/log P ther-
modynamic diagrams at Milan, computed from MOLOCH simulation at 1200 UTC, 2 October 2020 (code 16 080 — location shown in Fig. 1b).

Alex enters the western Mediterranean and produces a clear moisture
drop in the middle troposphere. Also, an evident lowering of the
tropopause is revealed in the skew-T diagram. All these characteristics of
the atmospheric profiles are well reproduced in the MOLOCH simulation
(Fig. 7c and d) indicating that the AR entrance in the basin is correctly
captured by the model.

Data from GPS ground sensors along the western Mediterranean
coast from Spain to Italy, including islands, have been also used to
compare the total column water vapour content (not shown), confirming
a good timing of the simulated moisture field evolution over the whole
Mediterranean area.

4.1. Dynamical mechanisms and moisture transport

Focusing on north-western Italy, the high-resolution simulation
(Fig. 8a) clearly shows the convergence over the Alpine foothills of the
easterly (barrier) flow over the Po Valley with the southerly moist cur-
rents from the sea (as revealed by the analysis of the backward trajec-
tories in Section 3.1), favoured by the orographic configuration. A
similar low-level convergence was observed during the 1994 Piedmont

{a) L2 (b)

100

flood and was considered as a key ingredient of the heavy rainfall
episode (Rotunno and Ferretti, 2001). This pattern remains almost un-
changed since the early morning of 2 October to the end of the event,
although the intensity of the southerly currents progressively increases,
attaining its maximum in the late evening. The southerly flow appears as
composed by two different branches: one from south/southwest, flowing
to the west of Corsica and associated with the AR, the other one from
south/southeast, over the Tyrrhenian Sea. The weak wind area at 950
hPa in the lee side of the Apennines, over the western corner of the Po
Valley, indicates that the southerly currents, especially the westernmost
ones, rise above this level and over the low-level easterly flow as soon as
it overtakes the Apennine crest. On the other hand, the easterly current,
which can be clearly identified in the middle of the Po valley (Fig. 8a),
seems very intense at this level and possibly undercuts the southerly
flow. In fact, the simulated radiosounding in Milan at 1200 UTC, 2
October (Fig. 8b), which is in close agreement with the observations (not
shown), describes a nearly saturated, moist neutral atmosphere char-
acterized by intense south-westerly winds above 850 hPa, but in the
lowest 1500 m the wind abruptly rotates becoming easterly and colder
air is trapped in the boundary layer.
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Fig. 9. IVT (a, b, ¢) inkg m ! s~ and IWV (d, e, f) in kg m 2 or mm simulated by MOLOCH at (a, d) 1200 and (b, e) 1800 UTC on 2 October, and (c, f) at 0000 UTC

on 3 October 2020.
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The investigation of the moisture transport is necessary to quantify
the role of each impinging flow in the heavy precipitation. At 1200 UTC,
2 October, the IVT simulated by MOLOCH (Fig. 9a) shows that the AR
passes over the Iberian Peninsula, and it is already affecting the western
Alps with its eastern branch, although its core (about 800 kg m~* s™1)
over the Mediterranean is directed towards southern France, where
floods actually occurred. A wide area of high values (up to 40 mm) of
IWV (Fig. 9d) extends from the Balearic Islands to the Gulf of Lion and
the French Riviera. At 1800 UTC (Fig. 9b,e), the structure of the AR
progresses eastward and becomes more definite over the Mediterranean,
and a narrow band of high (40-45 mm) IWV lies from the Gibraltar
Strait to northern Italy. The moisture transport attains its maximum,
with simulated values slightly above 1300 kg m~! s™! upstream of the
Ligurian coast, a value comparable with that of the AR during the
extreme event of October 2018 (Davolio et al., 2020a). A rather intense
moisture transport activates also north-east of Corsica, over the Tyr-
rhenian Sea, due to the high atmospheric moisture content (IWV of
30-35 mm) and intense low-level wind. At this time, the band of high
IVT clearly penetrates over north-western Italy and a marked decrease
appears as it crosses the Alps. The northward elongation is confirmed
also by the high values of IWV over the western Po Valley (up to 40 mm),
between the Apennines and the Alps. Finally, as the cold front sweeps
the western Mediterranean, pushed by cold and dry Mistral on its back,
the AR axis rotates becoming more meridionally aligned (Fig. 9¢,f), and
the moisture transport focuses on the eastern Liguria coast, while still
affecting the same area over the western Alps, where in fact major floods
occurred. At this time, although the corridor characterized by high
moisture content over the Mediterranean does not seem to be still con-
nected with the reservoir over the Atlantic, high IVT values persist,
mainly due to the intensification of the low-level jet ahead of the cold
front. As the front moves eastward, the severe weather quickly comes to
an end.

The time integrated IVT over the 24 h of 2 October, almost corre-
sponding to the entire life cycle of the AR in the Mediterranean, clearly
reveals (Fig. 10) the main corridor of water vapour from the Atlantic
area, through the Mediterranean basin, directed towards the Alps.
Interestingly, the region of intense precipitation over northern Italy
(indicated by the 200 mm black contour line in Fig. 10) is located right
to the north of the core of the time integrated IVT.

4.2. Penetration of the water vapour

The strong advection of water vapour from the south offshore the
western Italian coast is described in Fig. 11, which shows the evolution
of the water vapour flux across five longitudinal cross sections, located
(Fig. 11b) between the northern tip of Corsica (43°N) and the northern
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Fig. 10. IVT (shaded in 107 kg m™!) integrated in time during 24 h on 2
October 2020. The 200 mm rainfall contour over north-western Italy is shown
in bold black line.
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side of the Alps (about 47°N), upstream and downstream of the area
affected by the heaviest rainfall. The moisture flux constantly increases
with time since the evening of 1 October, peaking in the afternoon of 2
October, around 1800 UTC, when the AR reaches its maximum intensity.
The flux does not change between the two southernmost sections A and
B, since precipitation is not relevant over the sea. In contrast, the water
vapour flux through section C shows the effects of the first forced ascent
of the moisture-laden flow, and especially of the AR, over the Apennine
orography. The peak value through C is much less than across the up-
stream sections as water vapour condenses and precipitates in the form
of rain. Also, a slight decrease is observed travelling over the Po Valley
from section C to D. This is probably due not only to the relatively weak
precipitation over the plain, but also to rainfall over the Alpine area next
to the western Italian border. However, the strongest depletion of water
vapour occurs crossing the Alps. It is there that a relevant amount of
moisture is converted into precipitation and the flux peak in section E is
almost halved with respect to the sections offshore. The amount of
vapour removed from the impinging cross-barrier air-mass can be esti-
mated integrating in time the vapour flux across the sections during the
event. The moisture depletion due to crossing both Apennines and Alps
is around 40%, while moving from section C to E across the Alpine chain
produces a drying ratio between 25 and 30%. These values are to be
considered indicative, since the sections are not perfectly suitable for
calculating the drying ratio: in fact, they do not intercept strictly the
same water vapour flux (recall that the flow in the upper troposphere is
southwesterly), and they are not always parallel to the Alpine chain
which has a complex shape in western Italy. However, the values ob-
tained are well within the expected range computed for different
mountain ranges (Smith et al., 2010) and for the Alps in particular
(Smith et al., 2003).

Therefore, as the AR progressively intensifies and becomes narrow, it
reaches the Italian coast, and the moisture is transported towards the
Alps where orographically forced uplift triggers condensation and heavy
precipitation. As seen above, a relevant amount of moisture impinges
the Alpine divide also coming from the Tyrrhenian Sea. The latter
transport is due to the low-level jet, that is typically associated to heavy
precipitation events over western Alps (Buzzi and Foschini, 2000;
Davolio et al., 2020b). The penetration of the moisture towards the Alps
along these two corridors can be further analysed exploiting the
high-resolution numerical simulations and analysing the moisture
transport along the vertical sections (Fig. 12), respectively from SW to
NE along the main axis of the AR, from SE to NW along the moisture
contribution from the Tyrrhenian Sea. Moreover, a section is also drawn
along the Po Valley to describe the contribution coming from the
Adriatic (sections placement is shown in Fig. 11b). This allows also to
further investigate the dynamical interaction among the three different
contributing flows.

In the morning of 2 October, at 0900 UTC (Fig. 12a) the first offshore
water vapour tongue from the southwest reaches the Liguria coast and is
lifted over the Apennines. The intense vertical velocity indicates
possible development of convection over the crest, consistent with a
more potentially unstable atmosphere at the beginning of the event. At
the same time, some moisture is coming also from the Tyrrhenian Sea
and from the Adriatic (Fig. 12 d, g), but fluxes are considerably lower
especially due to weaker low-level winds. By 1800 UTC (Fig. 12b), the
AR has already crossed the Apennines and is lifted over the Alps where
intense precipitation occurs. The intense vertical velocity suggests the
possible presence of convective activity embedded within the
orographic stratiform precipitation. Using the 150 kg m~2 s~ isoline as
reference (switching from yellow to blue in the figures), the thickness of
the moist flow over the sea reaches 2 km. The moist flow that crosses the
Apennines appears as an elevated region of water vapour travelling to-
wards the Alps over the Po Valley, that does not descend close to the
surface. However, only a small portion of this vapour can cross the Alps.
The southerly flow from the Ligurian Sea (Fig. 12e) displays a similar
behaviour while crossing the Po Valley, although its core is located
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Fig. 11. (a) Time series of WV fluxes (kg s~ across the sections A-to-E displayed in (b). In (b) are also drawn the vertical sections (1, 2 and 3) displayed in Fig. 12.

slightly below, around 1 km from the ground. Over the sea the moisture
flux is confined in a much thinner layer (almost halved) with respect to
the AR, whose depth is slightly above 1 km (same reference of the 150
kg m~2 s isoline). However, due to the intense low-level jet, the peak
intensity of the flux along this section is comparable to that attained
along section 1. On the other hand, the easterly moist air, that flows
parallel to the Alps from the Adriatic basin (Fig. 12h), wedges under-
neath the southerly flows in the lowest layers over the Po Valley, being
also characterized by a much lower equivalent potential temperature
(not shown). Fig. 12c shows the arrival of dry air, at the end of the day,
over the western portion of the Genoa Gulf in the lower troposphere, in
the rear of the cold front. The AR moves eastward (see also Fig. 9c) and
merges with the flow from the Tyrrhenian Sea (Fig. 12f), which in this
phase becomes the main contribution of moisture to the precipitation.
Also, the easterly flow in the low level over the plain maintains its
magnitude and possibly contributes to retard the eastward movement of
the precipitation system, which persists on the Alps (as suggested also in
previous studies as Rotunno and Ferretti, 2001).

The analysis of the water vapour flux along the three different di-
rections has allowed to identify the different characteristics of the moist
flow associated with the AR with respect to the low-level jet east of
Corsica. Moreover, it has clearly confirmed the convergence of the three
contributions, as in the general picture presented by Rotunno and Fer-
retti (2003), that possibly enhances the orographic uplift over the Alps.

To better quantify the differences between the two southerly currents
directed towards the Alps, their characteristics in terms of mixing ratio
and moisture transport profiles are sampled upstream, over the Genoa
Gulf, before being disturbed by the presence of the orography. Two
points (their position is shown in Fig. 1b) are selected at the same lati-
tude 43.88°N, at 8.35°E and 9.50°E respectively, where vertical profiles
are computed, using the meteorological variables averaged over an area
of about 15 km x 15 km around each point. Time-averaged 6-hourly
mixing ratio profiles (Fig. 13 a,b) show the evolution of the moisture
content over the western and eastern Ligurian Sea, characterizing the
two branches of the impinging flow. The atmospheric column shows
high humidity content already in the early morning since the prefrontal
moist flow has already started and feeds the convective activity over the
sea. However, as the AR approaches, the depth of the moist layer in-
creases: while the maximum value close to the surface does not change,
the mixing ratio becomes larger in the layers above, up to about 2000 m,
and in the middle troposphere. The same values are kept until the end of
the event, marked by the abrupt drop of moisture in the morning of 3
October.

Comparable values of water vapour mixing ratio at the surface are
shown in the eastern side of the Ligurian Sea, although a steeper

10

decrease occurs especially in the first 1000 m. This is consistent with the
different thickness of the moist layer impinging the Apennines, as shown
in Fig. 12. The highest moisture content here is reached in the evening of
2 October, after 1800 UTC, and the decrease in the morning of 3 October
is weaker due to the progressive shift of the AR over this area, as shown
in Fig. 9e and £, which is also responsible for the increase of moisture in
the middle troposphere in this phase.

The 6-hourly averaged water vapour flux profiles (Fig. 13 c,d)
notably differ from those of mixing ratio due to the influence of the
wind. On the west side, water vapour transport values are largest just
below 1000 m, and the elevation of the peak slightly lowers during the
day. The most intense transport over the deepest layer is attained in the
early afternoon, between 1200 and 1800 UTC. Later in the evening, the
increased transport in the middle troposphere, between 2000 and 5000
m, is due to the intensification of south-westerly winds just ahead of the
approaching cold front. On the eastern side a different behaviour is
depicted: the moisture transport peak elevation is initially lower, around
500 m, and increases during the day, with the maximum intensity
reached in the evening. This reflects the presence of a low-level jet over
the Tyrrhenian Sea which becomes “contaminated” by the AR during the
last hours of 2 October and the next morning. As seen on the western
side, the depth of the moist layer increases due to water vapour transport
in the middle troposphere, but with some hours of delay. Therefore, a
fair comparison between the characteristics of the two southerly
branches, the AR and the low-level jet, can be performed between 0600
and 1800 UTC, before they superimpose. Within this time frame, the
vertical profiles confirm a much thicker column of moist air and mois-
ture transport associated with the AR, although the maximum intensity
of the transport is comparable. This reveals strongest winds associated
with the low-level jet on the eastern side.

4.3. Sensitivity experiments

An additional numerical experiment is devised to evaluate, at least
qualitatively, the contribution of the AR to the precipitation. The idea is
to exploit the numerical model as a virtual laboratory used to analyse
what happens if we get rid of the moisture transported into the Medi-
terranean by the AR. Since the boundary of the MOLOCH domain is
placed in correspondence of the Gibraltar Strait, it intercepts the AR
entering the Mediterranean. Therefore, a drastic reduction (75% of its
original value) of the moisture entering the western border of the inte-
gration domain allows to significantly weaken the AR and its moisture
transport. It is worth specifying that this percentage was subjectively
chosen to markedly weaken the AR transport and that the modification
is applied only to the southern portion of the western boundary, in order
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Fig. 12. WV fluxes (kg m 2 s~!) along the vertical sections shown in Fig. 11b, valid on 02 October at 09 UTC (a, d, g), 18 UTC (b, e, h), and 03 October at 00 UTC (c,
f, i). Section 1 (a, b and c) along the AR, section 2 (d, e and f) over the Tyrrhenian Sea and section 3 (g, h and i) across the Po Valley. Note that the scale of horizontal
and vertical wind components is different, as shown by the vectors drawn on the bottom-left side of each panel.

to modify the AR intensity but limiting the perturbation to the rest of the
simulation. The nesting procedure imposes the BOLAM model fields on
the external frames of the MOLOCH domain every hour. All the
boundary conditions are thus modified accordingly (reducing moisture)
only in correspondence of the selected part of the boundary.

As expected, since the modification is applied only to a limited
portion of the boundary, the evolution of the pressure fields over Europe
in the sensitivity simulations is almost unchanged and the synoptic
patterns do not differ from those of the control run. This favours a fair
comparison between the two experiments. Of course, over the Medi-
terranean the moisture field is profoundly altered as shown in Fig. 14 in
correspondence with the timing of maximum intensity of the AR
(compare with Fig. 9b,e). Although the winds are still strong in the
sensitivity simulation, the low amount of water vapour, except for the
area closer to the Italian coast, critically reduces the IVT and the AR is
not detectable anymore over the Mediterranean.

11

Fig. 15 reveals the impact on the precipitation and provides a clue on
the role of the AR. The rainfall is almost unchanged between 0000 and
1200 UTC of 2 October, when the AR has not started yet to contribute to
the pre-frontal south-westerly flow reaching the Italian coast. Differ-
ences between the precipitation fields (Fig. 15e) can be ascribed mainly
to shift in the pattern and are limited to a few tens of mm. On the other
hand, in the afternoon, the difference between the two experiments is
significantly larger. A slight increase of the rainfall over the Po Valley
and the central-eastern portion of the Apennines (no more than 50 mm/
12h) in the sensitivity simulation is possibly due to the different inter-
action between the southerly flows. However, the relevant result is that
the sensitivity simulation produces a much weaker precipitation all over
the western Italy, up to almost 250 mm/12h less than the CNTR run. The
same dynamical mechanisms described in previous sections are in place,
but the lack of the moisture contribution by the AR almost halves the
amount of rainfall over both the Apennines and the Alps. Therefore, it
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Fig. 14. IVT (a) in kg m~* s™! and IWV (b) in kg m~2 or mm simulated by MOLOCH at 1800 UTC, 2 October 2020 in the sensitivity numerical experiments.

turns out that the AR is critically important: the extreme event, without
the AR, would have become an “ordinary” intense precipitation event,
also because, unlike previous historical flood events in this region, the
synoptic evolution is less stationary and thus the precipitation system
rests over the area only for 24 h.

5. Conclusions

The present study has analysed in detail a recent heavy precipitation
episode occurred over the southern side of the Alps. At the beginning of
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October 2020, an early-season explosive extratropical cyclone, named
Alex, was responsible for windstorms over UK and France, and the
associated trough extending over the Mediterranean produced favour-
able conditions for torrential rainfall over southern France and western
Italy. Over the Alpine area, orographic precipitation lasted a little more
than 24 h, during 2 and 3 October, mostly concentrated in about 12 h in
the evening of the first day. In several rain gauge stations of Piedmont
region, this resulted in record-breaking rainfall totals in the last 70
years. This particular case was chosen not only for its extreme severity,
but especially for its similarity, in both the synoptic conditions and
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Fig. 15. The 12-h accumulated precipation simulated by MOLOCH in the first (a,c) and second (b, d) half of 2 October 2020. (a) and (b) refers to the CNTR
simulation, while (c¢) and (d) are produced by the sensitivity experiment (see text). Difference of accumulated precipitation (e) and (f) between CNTR and sensitivity

experiment in the two 12-h periods.

mesoscale characteristics, with other previous major floods, whose
dynamical mechanisms were described by the conceptual model of
heavy precipitation in the Alpine area proposed by Rotunno and Ferretti
(2003). However, the novel and interesting aspect of this event consisted
in the presence of an intense AR, suggested in a preliminary study of
Magnusson et al. (2021), since this kind of moisture transport structures
are not well studied in the Mediterranean yet. Therefore we sought to
identify its role, and the results described the way it modified the pre-
viously known dynamical mechanisms of Alpine heavy precipitation,
thus complementing the above-mentioned conceptual model.
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Back-trajectory computations, an AR detection algorithm and high-
resolution numerical simulations have allowed to investigate the
large-scale moisture supply, the mesoscale dynamics and the inland
moisture penetration through the Apennines and the Alps.

A primary finding of the present study is that heavy precipitation was
critically supported by the AR, a narrow corridor of strong water vapour
transport from the North Atlantic (even from the Gulf of Mexico) to the
Mediterranean. Although it is known that moisture supply for heavy
precipitation over northern Italy can come from the North Atlantic (e.g.,
Winschall et al., 2012) or in the form of AR from tropical Africa (e.g.,
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Davolio et al., 2020a), we have shown that in this case the moisture
supply was organized as an AR but coming from the North Atlantic.

The study focused mainly on lower-troposphere processes and akin
to other infamous flood episodes in the area, this event shows the typical
convergence and superposition of a colder (and stable) airflow coming
from the east in the Po Valley that enhance the orographically forced
uplift of a southerly moist and warm (moderately unstable) low-level jet
over the Tyrrhenian Sea. It has been shown that in the present case the
scene was made more complex due to the contribution of the AR within
intense south-westerly currents which dominated in the middle tropo-
sphere, above 3000 m. The two southerly moist branches were thor-
oughly analysed and compared. While at the lower levels the
combination of moisture content and wind speed produced a compara-
ble intensity of water vapour transport, the component associated with
the AR was characterized by a greater depth of relevant moisture flux,
even above 5000 m.

The intensity of the AR has been evaluated and contextualized within
the climatology of the period. This and the October 2018 event (Davolio
et al., 2020a) share the ranking of extreme events, in terms of IVT, and
they together disclose two possible different origins for ARs affecting the
Mediterranean, and Italy in particular, respectively the Iberian Pen-
insula/Gibraltar Strait, and northern Africa. Further studies are needed
to assess if other preferred regions for entrance exist, and also if the
characteristics of the AR depend upon its region of origin. In fact, the
October 2020 AR was thicker than that coming from the tropical
Atlantic during the October 2018 event, since it was characterized by
high values of moisture not confined in the lowest 3000 m, but
extending even above 5000 m. This aspect can be relevant for detection
techniques based on satellite WV channels. The comparison between the
two events also revealed that, in spite of a similar intensity of moisture
transport, different scenarios of heavy precipitation occur in response to
the persistence and the geometrical characteristics of the AR.

Finally, the study has clearly shown that, in contrast with previous
heavy rain events in the area, the slightly different synoptic features
caused a much faster eastward evolution of the baroclinic wave, that did
not amplify over the Mediterranean, thus limiting the persistence of the
mesoscale pattern and of the precipitation. Therefore, in this case, the
typical known mechanisms of intense Alpine rainfall would have not
generated an extreme event since the precipitation system did not affect
the same area long enough. In these conditions the AR contributed
critically to the generation of heavy rainfall and turned the event into a
devastating flood.

Given the relevance of ARs for heavy precipitation over the Alps, a
detailed climatological analysis seems necessary. It will also allow to
reveal if ARs were present in all the most intense rainfall episodes over
northern Italy and how often they are associated with synoptic upper-
troposphere disturbance affecting the Mediterranean.
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