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ABSTRACT

Extreme precipitation events represent an increasing global challenge, par-
ticularly affecting the Mediterranean basin, where their frequency and intensity
have been rising in recent decades. Accurately forecasting these events remains
a key objective for numerical weather prediction, yet operational models still
struggle to reproduce the magnitude, spatial organization, and timing of in-
tense convective systems. These limitations mainly stem from the relatively
coarse grid spacing and the continued reliance on convection parameterizations,
which hinder the realistic simulation of localized and short-lived storms.

This first part of this work explores the potential of hectometric-scale mod-
elling, employing the ICON model with nested simulations characterized by a
grid spacing as fine as 500 m approximately at the innermost domain to repro-
duce the devastating floods that impacted Italy’s Marche region in September
2022. The study combines sensitivity experiments and ensemble simulations to
assess the impact of enhanced resolution and improved turbulence representa-
tion. The results reveal substantial improvements in the structure, amplitude,
and spatial accuracy of the simulated precipitation fields when convection is
treated explicitly and the three-dimensional Smagorinsky turbulence scheme
is adopted. The ensemble analysis shows that even at this stage, without
changes in microphysical parameterizations, high-resolution simulations al-
ready provide more realistic precipitation distributions and more skillful fore-
casts. Moreover, the results highlight the crucial role of initial and boundary
conditions in controlling forecast skill. Some ensemble members clearly outper-
form others due to a more accurate depiction of key mesoscale features, such as
low-level wind convergence, moisture transport, and instability patterns. This
emphasizes that ensemble spread at hectometric scales reflects not only model
uncertainty but also the system’s intrinsic sensitivity to initial perturbations.

In the second part of the thesis, the focus shifts to the role of cloud mi-
crophysics and the representation of hydrometeor species. Perturbations are
introduced in the two-moment microphysics scheme to assess their influence on
ensemble spread, convective intensity, and precipitation type. This analysis is



complemented by a second case study centred on a severe convective outbreak
over southern Germany, characterized by intense hail formation. The event
provides an ideal testbed for evaluating the model’s capability to reproduce
microphysical processes and solid precipitation at hectometric resolution. The
comparison between the two cases reveals how the combined effect of high reso-
lution, advanced turbulence, and microphysics parameterizations enhances the
realism of both rainfall and hail forecasts, while also improving the ensemble’s
representation of uncertainty.

Overall, this study underlines the added value of hectometric-scale en-
semble modelling in capturing the complexity of convective processes and
demonstrates how advanced physical formulations, when coupled with explicit
convection and careful ensemble design, can substantially improve the pre-
dictability of extreme rainfall and hail events. Such developments are essential
to strengthen early warning capabilities and inform risk management strategies
in a changing climate.
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1 Introduction and motivation

1.1 Extreme precipitation predictability in a

changing climate

Extreme precipitation events represent an urgent challenge worldwide, with
the Mediterranean basin experiencing an increasing frequency of exceptionally
intense and devastating floods (Cui et al., 2024; Jézéquel et al., 2025). These
events are exacerbated by record-high sea surface temperatures, which provide
additional moisture and instability to the atmosphere, fuelling deep convection
(Pastor et al., 2015; Strobach et al., 2024). The catastrophic floods of early
autumn 2024 in Eastern Europe, Italy, and Spain (Cadena SER, 2024; Reuters,
2024) have underscored the need for improved numerical weather prediction
systems capable of accurately forecasting both the intensity and precise location
of extreme rainfall events.

Traditional numerical models struggle to capture the fine-scale processes that
drive convective storms, often underestimating peak precipitation or misplacing
the most intense convective cores (Capecchi, 2021; Hernández et al., 2025;
Prein et al., 2015). This limitation arises due to the coarse resolution of many
operational global-scale weather models, which still rely on grid spacings of
several kilometers and require deep convection to be parameterized rather
than explicitly resolved. While recent advances in high-resolution convection-
permitting modelling (CPM) have significantly improved precipitation forecasts
(Clark et al., 2016; Fosser et al., 2024), their grid spacing is still often limited to
around 2–4 km. This resolution may not be sufficient to accurately reproduce
the dynamics of highly localized and short-lived extreme convective storms
(Hanley et al., 2015) as for one of the case analysed in this work, that is the
devastating flood that hit the Marche region in Italy in September 2022 (Marche
Floods ArcGIS StoryMaps, 2023).

13



14 1.1 Extreme precipitation predictability in a changing climate

1.1.1 The use of ensembles and high-resolution to tackle the

uncertainty

The predictability of extreme convective precipitation remains one of the most
challenging aspects of modern meteorology. Indeed, the atmosphere is a highly
chaotic dynamical system and it is characterized by a high sensitivity to initial
conditions, as it was demonstrated by Lorenz in his work on deterministic
chaos. It follows that small perturbations in the atmospheric state can grow
very rapidly with time. This aspect, then, leads to inherent loss of deterministic
predictability that neither strong and structural advances in numerical mod-
els formulation or observational networks can effectively overcome (Lorenz,
1963, 1969). Morover, despite substantial advances in both deterministic and
ensemble-based Numerical Weather Prediction (NWP) systems, the chaotic
nature of the atmosphere, coupled with the strong non-linearity of convective
processes, limits the lead time at which such events can be reliably predicted
(Richardson, 2000). This uncertainty is further compounded by the rapid growth
of small-scale perturbations in the initial conditions, which can have a dispro-
portionate impact on the timing, location, and intensity of convective storms. In
recent years, the adoption of convection-permitting ensembles has significantly
improved short-range forecasts of severe weather. By explicitly representing
deep convection, these ensembles are able to provide probabilistic guidance
not only on the likelihood of occurrence but also on the potential severity
and spatial distribution of high-impact events. This probabilistic information
is a cornerstone of modern early warning systems, enabling forecasters and
decision-makers to balance false alarms against missed events, and to better
communicate risk to the public (Cloke & Pappenberger, 2009).

1.1.2 The impact of deep convection and the role of early warn-

ing systems

Early warning systems benefit greatly from high-resolution ensemble approaches,
as they allow for the quantification of forecast confidence and the identification
of scenarios leading to extreme impacts. However, the effectiveness of such
systems depends critically on the integration of ensemble outputs with obser-
vational data, rapid-update cycles, and impact-based forecast frameworks. For
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localized storms that can potentially produce flash floods, reliable warnings
require both timely detection of convective initiation and accurate projection
of storm evolution, tasks that remain difficult even at hectometric resolutions
(Doswell et al., 1996; Golding, 2009). To this issue, here the potential of hecto-
metric scale ensemble forecast is explored at different horizontal scales using
simulations performed with the Icosahedral Nonhydrostatic model (ICON).

Such high-resolution simulations, achieved by nesting approaches, aim to
resolve fine-scale convective processes more accurately, including updraft and
downdraft dynamics, microphysical interactions, and storm organization mech-
anisms. The ability to explicitly resolve these features is crucial for improving
the predictability of extreme rainfall events and mitigating their societal im-
pacts (Lean et al., 2024). Despite the scientific advances offered by hectometric-
scale modelling, several challenges remain. The high computational cost, the
handling of initial and boundary conditions, and the need for advanced post-
processing and verification methods are critical factors in determining its oper-
ational feasibility. However, the potential benefits of more accurate and reliable
severe weather forecasts could lead to a paradigm shift in the prediction of
localized hazards.

Deep convection, moreover, is a key driver of extreme weather phenomena,
particularly flash floods, severe winds, hail, and tornadoes. Its formation
and evolution depend on the interplay of thermodynamic instability, moisture
availability, and dynamic forcing, often concentrated in mesoscale environments
(Houze, 2004; Weisman & Klemp, 1984). In the Mediterranean region, deep
convection is frequently triggered by the convergence of moist, warm air from
the sea with cooler, drier air masses from continental Europe or upper-level
intrusions, creating strong uplift and rapid cloud development.

Once initiated, deep convective systems can organize into a variety of struc-
tures, including supercells, multicell clusters, and Mesoscale Convective Sys-
tems (MCSs), each with distinct hazards and life cycles (Markowski & Richard-
son, 2010). Orographic effects, such as those of the Apennine chain, further
modulate convection by enhancing lifting on the windward slopes and influ-
encing the downstream evolution of precipitation systems. This orographic
modulation can lead to quasi-stationary convection, where repeated cell re-
generation over the same area results in extreme local rainfall totals, as in the
September 2022 Marche flood.
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From a forecasting perspective, the impacts of deep convection are chal-
lenging to anticipate because small errors in simulating storm initiation or
movement can lead to large discrepancies in predicted rainfall accumulations
(Doswell et al., 1996). Microphysical processes add another layer of complex-
ity: the growth, melting, and evaporation of hydrometeors strongly influence
rainfall intensity and distribution. At hectometric resolution, models can better
resolve the turbulent exchanges and convective updrafts that sustain heavy pre-
cipitation, but even so, uncertainties remain in representing cloud–precipitation
conversion rates and storm longevity.

Given the societal impacts of deep convection, ranging from damage to
infrastructure and agriculture to threats to human life, improving our predictive
capabilities is a pressing priority. This requires not only advances in NWP
resolution and physical parameterizations but also the continuous refinement
of verification metrics and data assimilation strategies to better capture the
rapid, multiscale processes that define these events.

Figure 1.1: The streets of Senigallia (Marche, Italy) following the flooding caused
by the overflowing of the Misa river after the huge rainfall that hit central Italy
on 15th September 2022.
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1.2 The importance of high-resolution NWP

models

The increasing frequency of extreme high-impact precipitation events has driven
the demand for improving accuracy of weather forecasts, thus the recent devel-
opment and operational use of NWP models with ever finer spatial resolution
was essential to achieve this task (Caldas-Alvarez et al., 2023). As extreme
phenomena such as heatwaves, intense rainfall, and convective storms become
more frequent and persistent, NWP systems need to resolve the underlying
meteorological processes at increasingly small scales (Torma & Giorgi, 2024).
This is particularly true in regions such as Europe, where strong orographic
gradients, coastlines, and land–sea contrasts exert a pronounced influence on
convection, turbulence, and microphysics (Médus et al., 2022). In such environ-
ments, hectometric-scale modelling becomes an essential tool to better represent
the physical mechanisms that drive hazardous weather.

Moving towards high-resolution simulations allows for a more realistic depic-
tion of atmospheric processes: the structure and intensity of up- and downdrafts,
the dynamics of cold pools, mesoscale organization of convective systems, and
the microphysical evolution of hydrometeors (Henderson et al., 2021). By re-
ducing reliance on deep-convection parameterizations and resolving a larger
fraction of the convective spectrum, models can improve the timing and spatial
structure of rainfall features. However, pushing to hectometric grid spacing
(Glazer et al., 2025; Lean et al., 2024) also brings new challenges, including
stricter numerical stability requirements, more pronounced sensitivity to terrain
representation, and the need for carefully tuned sub-grid closures (Bryan et al.,
2003; Clark et al., 2016; Johnson et al., 2018).

From kilometre to hectometric scales and the “grey zone”

CPMs with grid spacings of 1–4 km have already demonstrated substantial
benefits for forecasting convective precipitation. However, many Mediterranean
flash-flood cases are controlled by physical processes occurring on scales below
one kilometer, such as the sharpening of convergence lines, narrow orographic
ascent, or the propagation of cold pools.
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This introduces the so-called “grey zone” of convection: a resolution range
of the same order of these models, where deep convection schemes are often
deactivated, since convection begins to be explicitly simulated, but the model
grid is still too coarse to fully resolve convective updrafts (Honnert, 2016; Hon-
nert et al., 2016). In this regime, mid- and deep convection parameterizations
are usually switched off, while shallow convection may remain parameterized.
The grey zone is therefore a hybrid representation, in which neither param-
eterizations nor explicit resolution provide a fully consistent description of
convective processes, often leading to enhanced sensitivity to model choices
and turbulence closure (Clark et al., 2016).

Pushing further into the hectometric scale (100–900 m) allows a growing por-
tion of the convective dynamics to be explicitly represented (Lean et al., 2024;
Nuissier et al., 2020). This includes the organization of convective cells and the
fine-scale interactions with land–sea contrasts and orographic features. Grid
spacings in the range of 500 m are particularly relevant for current research,
as they represent a transition between conventional kilometre-scale CPMs and
large-eddy simulations. While this regime can yield significant gains in real-
ism, it also amplifies model sensitivity to the choice of turbulence schemes,
surface representation, and boundary-layer processes, and comes at a steep
computational cost. Moreover, hectometric domains are typically embedded
within larger, coarser convection-permitting parents. To avoid artefacts at nest
boundaries, best practice involves: (i) ensuring temporal consistency in Lateral
Boundary Conditions (LBC) updates, (ii) applying consistent orography filter-
ing across all nests, and (iii) using two-way nesting only when the feedback is
expected to be beneficial and numerically stable. Phenomena such as coastal
jets, mountain waves, and valley-channelled flows are especially sensitive to the
interplay between LBC update frequency, numerical diffusion, and topographic
representation (Ahrens & Leps, 2021).

Turbulence and diffusion at CP scales

At convection-permitting resolutions, turbulence schemes directly influence the
moisture distribution, the intensity of cold pools, and the ability of storms to
remain organized. Common approaches include boundary layer closures for
turbulent kinetic energy, which are robust and computationally efficient, and
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three-dimensional Smagorinsky type schemes (Deardorff, 1980; Smagorinsky,
1963), which tend to better capture shear-driven, anisotropic mixing and can
produce more LES-like behaviour at hectometric grid spacings.

In complex terrain, the interaction between the dynamical core, diffusion set-
tings, and orography filtering can strongly affect both windward precipitation
enhancement and leeward suppression or displacement (Chow et al., 2019).

Microphysics: single vs double moment schemes

The representation of hydrometeors is crucial for simulating intense convective
rainfall. Single-moment schemes (1-MOM) predict only the total mass of each
species, while 2-MOM also predict number concentrations, enabling the size
distribution to evolve dynamically. This additional information allows for a
more realistic treatment of autoconversion, accretion, evaporation, and melting
processes (Milbrandt & Yau, 2005; Morrison et al., 2009).

At hectometric resolution, 2-MOM schemes often provide improvements
in storm timing, localization, duration and intensity, but they also require
greater computational resources and can be more sensitive to assumptions
about aerosols and particle shapes (Madhulatha et al., 2023; Taufour et al.,
2024).

Convective-scale ensembles and uncertainty representation

Even at 550 m resolution, a single deterministic forecast cannot capture the full
range of uncertainties associated with convective extremes: thus, convective-
scale ensembles tackle this limitation by introducing spread through initial
and boundary condition perturbations, stochastic physics, or multi-physics
approaches that vary turbulence and microphysics schemes like in this work.

The benefits of probabilistic guidance for high-impact weather are well docu-
mented (Bowler et al., 2008; Gebhardt et al., 2011). At hectometric scales, how-
ever, the high computational cost may lead to the specific request of efficient
ensemble design. Thus, combining Initial Conditions (IC)/LBC perturbations
with targeted physics perturbations, eventually, may be more effective than a
large ensemble relying solely on IC variation.



20 1.2 The importance of high-resolution NWP models

Data assimilation at convective scales

The assimilation of high-frequency observations, which include radar reflectiv-
ity and Doppler wind data, satellite radiances, lightning detections, and dense
surface network measurements, has emerged as a cornerstone for improving the
initialization and short-term evolution of convection systems in CPMs (Gustafs-
son et al., 2018). The flexibility of radar and surface observations, particularly
those updated on rapid cycling schemes, helps to capture the evolving moisture
and dynamic gradients central to convective initiation. Ensemble-based meth-
ods, such as the Ensemble Kalman Filter (EnKF), have demonstrated their value
in convective-scale data assimilation (Gastaldo et al., 2021; Schraff et al., 2016).
Early experiments assimilating simulated Doppler radar observations showed
that the EnKF can reliably estimate the state of a supercell, including unob-
served variables like updraft strength and temperature perturbations, thereby
supporting its use in operational nowcasting systems. Lightning data assimila-
tion has also gained traction. The implementation of a 1D and 4D-Var approach
within the Weather Research and Forecasting (WRF) model data assimilation
system has achieved remarkable improvements in precipitation forecasts, reduc-
ing root mean square errors during the assimilation window and maintaining
gains for several hours afterward. In parallel, variational methods remain a core
component of operational convective-scale assimilation. The European Centre
for Medium-Range Weather Forecasts (ECMWF), for instance, has adopted
4D-Var for decades and more recently enhanced its performance by coupling it
with ensemble information in hybrid 4D-EnVar (Barker & Clayton, 2011). This
framework allows the assimilation of a wide variety of high-resolution satellite
and conventional observations while maintaining flow-dependent background
error covariances essential for mesoscale structure representation (Rabier et al.,
2000).

Verification for CP models: from points to objects

Traditional verification scores based on point-by-point comparisons often penal-
ize even small spatial mismatches between observed and simulated convective
features, which can be misleading in high-resolution forecasts (Ebert, 2008). To
better account for the inherent spatial uncertainty in convection, more suitable
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approaches include methods that consider the spatial scale of the error or the
overall structure of the precipitation field. For example, neighbourhood-based
metrics such as the fractions skill score (Roberts & Lean, 2008) evaluate model
skill over areas rather than individual grid points, while object-based techniques
(Davis et al., 2009) allow errors to be broken down into components like for
the Structure, Amplitude and Location metrics (SAL), e.g. Wernli et al. (2008).
For hydrological applications, these methods can be further complemented by
diagnostics focused on exceedance areas, event duration, or peak intensity.

Operational implications and open challenges

Despite the clear advances offered by convection-permitting models, several
challenges remain: timing errors in convective initiation, sensitivity to surface
states and coastal effects, biases in cold pool dynamics that influence back-
building or deep convection, and persistent difficulties in leeward precipitation
placement over complex terrain. In addition, the computational and data
handling demands are substantial. Ultimately, a careful choice of model setup,
balancing timestep, diffusion, orography smoothing, turbulence representation,
and microphysics complexity, offers the best path to improving forecasts for the
most dangerous convective events.

1.2.1 Reference CP systems in research and operational activi-

ties

In the last decade, several convection-permitting NWP models have become
reference tools for both research and operational forecasting of extreme events.
Here the main characteristics of the most used models in current activities are
described.

AROME

The Applications of Research to Operations at Mesoscale (AROME) model is a
non-hydrostatic, convection-permitting model developed by Météo-France, de-
signed specifically for fine-scale weather prediction with a typical grid spacing
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of 1.3 km over France and other domains (Seity et al., 2011). AROME couples
state-of-the-art physical parameterizations for microphysics, turbulence, and
surface exchanges, and is used operationally by Météo-France and several Euro-
pean national meteorological services, including in the HARMONIE–AROME
accord for pan-European domains (Bengtsson et al., 2017). AROME has shown
significant improvements in forecasting precipitation extremes and convective
phenomena compared to coarser models (Sahlaoui et al., 2020).

WRF

The WRF Model is one of the most widely used community models for mesoscale
and high-resolution meteorological research (Powers et al., 2017). Developed
by NCAR and partners, WRF supports a wide variety of physical schemes,
flexible domain nesting, and grid spacings down to hectometric scale. It is
highly configurable, supporting research applications from urban weather to
tropical cyclones, and is used operationally and for ensemble prediction in
many research and weather centers worldwide (Skamarock et al., 2019). Its
extensive user community and broad validation have made WRF a benchmark
for intercomparison and development of new physical parameterizations.

ICON

The ICON model is the current state-of-the-art numerical weather prediction
and climate modeling system developed jointly by the Deutscher Wetterdienst
(DWD) and the Max Planck Institute for Meteorology (MPI-M), in close col-
laboration with the Karlsruhe Institute of Technology (KIT) and the Deutsches
Klimarechenzentrum (DKRZ) (Prill et al., 2022; Zängl et al., 2015). ICON
employs an icosahedral triangular grid that avoids the pole problem of lat-
itude–longitude grids, allowing for efficient simulations across scales with
seamless nesting. Its non-hydrostatic dynamical core and advanced physics
parameterizations make it suitable for both global climate applications and
convection-permitting regional forecasts. Since 2015, ICON has been the opera-
tional forecasting model at DWD, replacing COSMO, and is also employed for
ensemble prediction and climate research worldwide. In particular, convection-
permitting configurations with grid spacings down to 1–3 km are now routinely
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applied for short-range forecasting over Germany and Europe, showing substan-
tial improvements in the representation of deep convection and precipitation
extremes compared to parameterized approaches (Heinze et al., 2017; Singh
et al., 2021).

UKV

The UK Met Office operates the UM (Unified Model) in several configurations,
from the global to the UKV domain (1.5 km resolution) for the British Isles and a
global convective-scale configuration. The UKV uses the Unified Model dynam-
ical core and advanced microphysics, turbulence, and land-surface schemes,
providing detailed forecasts of convective precipitation and severe weather
(Petch et al., 2020).

In summary, the widespread adoption of high-resolution in convection-
permitting NWP models such as AROME, WRF, COSMO, and UKMO has
been a real game changer for our ability to predict extreme precipitation and
convective storms. By better capturing the actual physics of the atmosphere and
explicitly simulating convective processes, these models have made forecasts
of high-impact events much more reliable than in the past, especially in chal-
lenging environments like the Alps or the Mediterranean (Luu et al., 2022). Of
course, there are still many open questions and practical challenges, particularly
when it comes to the huge computational resources required, the handling of
uncertainties, and the post-processing of massive high-resolution datasets.

1.2.2 Summary and choice of the model

Despite all this progress, there’s always a need to push things a little further,
both to improve operational forecasts and to deepen our understanding of
the mechanisms behind severe weather. That’s exactly why ICON , a natural
evolution of the COSMO model, comes into play in this work (Prill et al., 2022).
The ICON model, whose detailed description is given in chapter 2, stands out
for its flexibility, modern physical parameterizations, and, above all, its ability
to run simulations at hectometric scales over complex domains.

Moreover, the choice was also influenced by the collaboration with ARPAE-
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SIMC (The Hydro-Meteo-Climate Service of ARPAE Emilia-Romagna) and
ITALIAMETEO (the Italian national agency for metorology and climate) that
started using the ICON model at high-resolution for their operational activities
since 2023.

By choosing ICON, we can take advantage of its particular grid structure
and ensemble capabilities to really dig into the fine-scale processes driving
convective storms, something that is essential for both research and practical
forecasting in regions such as central Italy and, overall, Europe.

In this thesis, the use of ICON allows us to explore not just the predictability
of extreme events, but also the range of uncertainties and sensitivities that exist
at these scales. Ultimately, pushing the boundaries with tools like ICON means
getting closer to forecasts that truly reflect the complexity of the atmosphere,
that is an essential step for reducing risk and improving warnings as our climate
keeps changing.

1.3 An example of challenges in storm

predictability: The sinking of the Bayesian

yacht

The sinking of the Bayesian yacht on 19th August 2024 in Italy offshore of
Porticello, Sicily, is an explicative case of the forecasting difficulties and potential
risks that occur when powerful convective storms form over the Mediterranean
sea. Here we report a brief analysis of the event as a background for this study
to highlight the main features and challenges of high-resolution modelling
for convective storms. On that day, around 2 a.m., a thunderstorm producing
observed extremely high wind gusts up to 24 m/s hit the yacht, leading to the
sinking of the ship and to the death of seven of the 22 people that were on board.
Unfortunately, no direct witnesses of the event were present, due to the fact
that it happened during night hours off the shore.

Moreover, there wasn’t a good radar coverage of the area at that time, since
the only radar placed in Sicily was not working and the storm formed over
an area of the Tyrrhenian sea that is uncovered by the radar observing system
itself.
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This led the author of this thesis and other colleagues to investigate the poten-
tial predictability of this event and making an effort to understand wether the
sinking was due to a downburst or a tornado forming from the thunderstorm
(De Martin et al., 2025).

Specifically, according to the collected material and observed data, it seems
that the sinking was likely due to a downburst, because convective storms had
a duration shorter than one hour; also the path of the storm, that was pretty
linear, was not in agreement with that of a right mover supercell. In addition,
the videos taken along the coast by some witnesses did not show any evidence
of rotating winds or waterspouts. Lastly, no increase in pressure or drop in
potential temperature were recorded by the weather stations that were present
nearby.

Predictability of the event

In the days and hours leading up to the Porticello windstorm, the operational
ICON suite at ARPAE–SIMC offered a picture that, even though with uncer-
tainty, already hinted at the right hazard in the right marine sector. Specifically,
this study analyses the deterministic and ensemble configurations at 2.2 km
horizontal resolution (ICON-2I and ICON-2I-EPS). These configurations use IFS
boundary conditions and analyses generated by the Kilometre-scale ensemble
data assimilation for the COSMO model (KENDA) system which uses a Local
Ensemble Transform Kalman Filter (LETKF) (Hunt et al., 2007; Schraff et al.,
2016). The data assimilation routinely incorporates conventional observations,
as well as radar reflectivity and radial wind data from the Italian radar network
(Gastaldo et al., 2021, 2022). Also, the runs exploited the ECMWF Integrated
Forecasting System (IFS) model for lateral boundary conditions.

Seen in sequence, the forecasts tell a coherent story. The ICON-2I-EPS cycle of
21:00 UTC on 17th August 2024, roughly twenty-nine hours before the sinking,
already lifts a flag over the southern Tyrrhenian: probabilities in the 10%-25%
range for gusts stronger than 24.5 m/s, with very few members pushing beyond
32.7 m/s in the 01:00–02:00 UTC slot on 19th August. This is not yet a precise
forecast, but it frames the problem: a convective wind threat in the correct
corridor and time window. The deterministic run initialized at 00:00 UTC on
18th August then adds narrative detail, marching a storm eastward across the
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Figure 1.2: (a), (b) show respectively the Probability of maximum wind gusts at
10 m stronger than 24.5 m/s and the maximum wind themselves as forecasted
by the ICON-EPS system, while (c) and (d) illustrate the wind gusts at 10 m
as forecasted by the deterministic run of the model ICON-2I operationally run
at ARPAE-SIMC for the bayesian sinking. Initialization and valid time are
reported on the figures. Pictures produced by the author of this thesis and
co-author Thomas Gastaldo, from De Martin et al., 2025.
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same sector and driving a gust front toward Porticello a couple of hours late
relative to observations, with peaks near 25 m/s. Finally, the 00:00 UTC 19th
August cycle, too close to be actionable as advance warning, locks onto the
synoptic–mesoscale phase with sharper timing and stronger offshore gusts
(locally up to 40 m/s).

From the perspective of this thesis, the sequence is illustrative of how pre-
dictability typically manifests for short-duration but high-impact Mediter-
ranean windstorms. First, ensemble guidance widens awareness: it quantifies a
non-negligible chance of severe convective winds even when exact track and
timing remain elastic. Second, a single high-resolution deterministic run clari-
fies the scenario but may carry modest phase errors and non realistic extremes.
Third, a closer initialization can reconstruct the parent storm credibly, yet with
limited lead-time value for warnings. Put together, these ingredients would
have supported impact-oriented messaging for severe convective winds over
the southern Tyrrhenian. Moreover, it highlights the necessity of improving
the population’s awareness towards the risks represented by these powerful
storms, also by developing instruments and frameworks that could produce
accurate early warning systems. Indeed, even though the ICON model used
at ARPAE-SIMC was able to reproduce the storm in advance, at least 24h in
advance, the warning in play was not enough to avoid such a high number
of casualties: on 19th August 2024 a general thunderstorm alert was in force
from the Italian Civil Protection for the northern Sicilian coastline, signalling
that thunderstorms were expected in the area. Nevertheless, as proved by this
event, issuing precise, location-specific warnings for severe convective storms
remains a well-known challenge across Europe (Doswell, 2015). This accident
therefore highlights the need for a dedicated severe-storm warning framework,
as advocated by Miglietta and Rotunno, 2016, designed to cover both offshore
and inland environments. In particular, an early-warning chain leveraging
real time radar data could plausibly have played a crucial role in preventing
loss of lives. Indeed, satellite analysis indicated that the storm initiated about
three hours before the sinking and followed a coherent trajectory throughout
its lifetime, leaving a sufficient window for alerting.
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1.4 Context and open challenges

Over the past decade, CPM has reshaped our ability to represent extreme precip-
itation and convective storms. Operating at kilometer-scale resolutions, these
models have substantially reduced the reliance on deep-convection parameteri-
zations and provided new insight into storm initiation, mesoscale organization,
and rainfall extremes. Yet, as the preceding sections have outlined, major chal-
lenges remain when forecasts aim at the localized, high-impact events that most
affect society.

A first source of difficulty lies in the so-called grey-zone described in section
1.2 where key atmospheric processes are neither fully resolved nor entirely
subgrid. At hectometric resolutions, turbulence and microphysics parameteri-
zations interact in scale-dependent ways with the dynamics explicitly captured
by the model. Schemes originally developed for coarser scales may become
overly diffusive or misrepresent the anisotropy of turbulent mixing, while
more advanced closures introduce their own sensitivities and computational de-
mands. Microphysics adds further complexity: the choice between single- and
double-moment schemes, assumptions about particle size distributions, and
sensitivity to aerosols can all substantially alter the life cycle of storms. These
issues illustrate how progress in resolution does not eliminate the need for pa-
rameterizations but instead transforms the problem into one of scale-awareness
and consistency across regimes (Morrison et al., 2009; Seifert & Beheng, 2006).

Complex terrain represents another major source of uncertainty: indeed,
orographic forcing can enhance precipitation on the windward side of moun-
tains while suppressing or displacing it leeward, and these effects are strongly
modulated by diffusion settings, orography filtering, and the interaction be-
tween resolved and parameterized flows. Even small shifts in storm tracks or
convergence lines can determine whether flooding occurs in one valley or in
another. This sensitivity is particularly critical in Mediterranean regions such as
central Italy, where steep gradients and coastal interactions combine to produce
flash floods that are both severe and difficult to anticipate (Dallan et al., 2023).

Finally, the representation of uncertainty remains a central obstacle. Deter-
ministic forecasts, even at 500 m resolution, cannot capture the full spectrum
of possible outcomes in a convective environment. Ensemble approaches are
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indispensable for assessing predictability, yet their cost grows dramatically
with resolution. Designing efficient ensemble strategies, balancing initial and
boundary-condition perturbations with stochastic or multi-physics methods,
has therefore become a crucial research question (Frogner et al., 2022). At the
same time, verifying such high-resolution ensembles requires object-based ap-
proaches capable of distinguishing timing, structure, and displacement errors,
rather than relying solely on point-wise metrics.

These scientific and practical challenges define the broader context of this
thesis. The work presented here seeks to clarify how far hectometric-scale
ensembles can improve the predictability of extreme convective events, to dis-
entangle the roles of resolution, physical parameterizations, and perturbations,
and to test these questions in real-world cases such as the catastrophic Marche
2022 flood and other high-impact events anlysed in this thesis like the hail
event that hit the Baden-Württemberg region on 14th august 2023. In this way,
the thesis positions itself at the intersection of model development, process
understanding, and the urgent societal need for more reliable warnings of flash
flood-producing storms.

1.5 The Marche 2022 flooding event as a

motivation

The devastating flood that struck the Marche region of central Italy on 15
September 2022 represents a paradigmatic example of the challenges outlined
above. Within just a few hours, a quasi-stationary convective system released
more than 400 mm of rainfall in narrow valleys of the Apennine foothills, caus-
ing catastrophic flooding, widespread damage, and tragic loss of life. The event
was characterized by a V-shaped mesoscale convective system that repeatedly
regenerated along the orographic boundary, leading to intense rainfall over the
same catchments. Despite its extraordinary severity, the event was not well
anticipated by operational forecasts, which underestimated both the intensity
and the persistence of the convection (Marche Floods ArcGIS StoryMaps, 2023).

This case highlights several open problems in convective-scale predictability.
The storm initiation was strongly conditioned by mesoscale moisture con-
vergence and orographic lifting, processes that are highly sensitive to model
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resolution, diffusion settings, and initial and lateral boundary conditions. The
persistence of the system depended on the interplay between different air
masses convergence, storm regeneration, coastal and turbulent interactions, all
of which remain difficult to capture even at kilometer-scale resolutions. More-
over, the displacement of precipitation towards leeward valleys illustrated the
acute sensitivity of outcomes to orographic representation and microphysical
feedbacks. In operational models, these mechanisms contributed to errors in
both the timing and placement of the heaviest rainfall.

For these reasons, the Marche 2022 flood provides a compelling motivation
for the present thesis. It embodies the scientific and societal stakes of improving
convective-scale forecasts: on the one hand, the need to better understand the
physical mechanisms that sustain such extreme storms; on the other hand, the
practical need to provide more reliable warnings in regions highly exposed
to flash-flood risk. By using the ICON model at hectometric resolution, and
by employing ensemble strategies that account for ICs, LBCs, and physics
uncertainties, this work aims to shed light on the predictability limits of such
events and to explore modelling approaches that could enhance preparedness
for future extremes.

1.6 Thesis outline and objective

This thesis investigates the predictability of extreme convective precipitation
over complex terrain using hectometric scale ensembles with the ICON model.
The aim of the work is trying to capture the ingredients that play a crucial role
in the correct prediction of extreme precipitation, from initial and boundary con-
ditions, to the use of the correct physical parameterizations for turbulence and
convection, combined to very high resolution grids with ensemble approaches,
that are essential for forecasting such complex and chaotic events. This is why
the work combines sensitivity experiments and multi-ensemble design to dis-
entangle the roles of resolution, initial and boundary conditions uncertainty,
turbulence closures, and microphysical assumptions. Two case studies that
present many similarities and differences are analysed: (i) a large, long lived
flood-producing event over central Italy (Marche, September 2022) in complex
terrain, and (ii) a shorter lived, hail-prone thunderstorm over southwestern
Germany (August 2023) in the Black Forest–Swabian Jura region.
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The following sections of this thesis are framed as follows:

• Chapter 2: The ICON model for high-resolution simulations
Introduces the ICON model and its configuration for limited-area, convection-
permitting simulations: descriptions of the unstructured icoashedral grid,
handling of initial and boundary conditions, two-way nestin strategies
adopted for hectometric-scale domains can be found here. The chapter
details the physical parameterizations used, including the Smagorinsky
turbulence closure, and compares single- and double-moment micro-
physics schemes. Special attention is given to computational aspects and
the practical implementation of ICON for the case studies examined in
this work.

• Chapter 3: Studying flooding meteorological events (Marche 2022)
Focuses on the devastating September 2022 flood in central Italy: tt recon-
structs the large-scale and mesoscale meteorological setup that led to the
event and presents radar and in-situ observations. The chapter describes
the design of preliminary high-resolution sensitivity tests compared to
operational runs from a deterministic 2.2 km setup down to 550 m res-
olution, to investigate the impact of nesting, orography, and turbulence
closures on the predictability of this exceptional storm.

• Chapter 4: The role of hectometric-scale ensembles
Explores the added value of ensemble forecasting at hectometric scales.
Different ensemble configurations are analysed, from a 2 km resolution
setup to double-nested 500 m ensembles, using both the 1D COSMO-type
TKE and the 3D Smagorinsky turbulence schemes. Verification includes
spatial and object-based methods (such as the Overlap Ratio and SAL
scores) across multiple thresholds, complemented by diagnostics of low-
level convergence and moisture transport. The results highlight where
resolution and turbulence representation enhance the characteristics of
precipitation features, while also quantifying the dominant contribution
of initial and boundary condition uncertainty.

• Chapter 5: Impact of microphysics perturbations
Focus shifts from initial conditions perturbations to physics uncertainty:
constructs a 36-member ensemble with the ICON double moment micro-
physics scheme at 500 m, perturbing key microphysical controls. For the
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Marche case, the ensemble statistics and SAL reveal systematic tenden-
cies. The chapter then applies the same approach to a German hail case
(Villingen–Schwenningen, 14 August 2023), showing how microphysical
choices modulate hail-relevant processes. A domain averaged process-
rate analysis connects ensemble skill to the intensity and timing of hail
growth patterns.

• Chapter 6: Conclusion and future perspectives
Summarises the main outcomes of the study, discussing the dominant role
of ICs uncertainty, the benefits of hectometric resolution and advanced
turbulence closures, and the influence of microphysics on convective
predictability. It concludes with implications for ensemble design, fore-
casting systems, and future research directions toward next-generation
convection-permitting simulations.



2 The ICON model for
high-resolution simulations

2.1 ICON Model Description

The ICON model (version 2.6.6) is a non-hydrostatic NWP system developed
collaboratively by the DWD, the MPI-M, the DKRZ, the KIT and the Swiss
National Supercomputing Centre (Prill et al., 2022; Zängl et al., 2015). ICON
operates on an unstructured icosahedral grid, allowing seamless scalability
from global to hectometric-scale simulations, making it especially well-suited
for high-resolution convection-permitting forecasts. The governing equations
describe a two-component system consisting of dry air and water (Gassmann
& Herzog, 2008), with prognostic variables including horizontal and vertical
wind components, virtual potential temperature, total air density, and mass
fractions of different water species (e.g., cloud water, ice, rain).

The flexibility of ICON’s grid structure and its ability to perform nested
simulations at increasing resolutions have proven particularly effective for
studying localized and extreme convective weather phenomena. Recent studies
demonstrated ICON’s capability in capturing critical meteorological processes,
providing valuable insights into extreme precipitation events and their pre-
dictability (Heinze et al., 2017).

2.1.1 Model physics and governing equations

The ICON model is characterized by three principal blocks that describe the
Dynamics, Tracer advection and model’s Physics: according to Prill et al. (2022),
the dynamical core integrates the discrete equations for fluid motions forward
in time, then, the Tracer advection, which is the numerical advection scheme,
essential to describe the transport of variables such as humidity and cloud

33
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water, is being coupled along with the dynamical core to the parameterization
schemes that are crucial for representation of convective processes, especially
for scales too small to be resolved.

The parameterization schemes play an important role in this study, indeed
these schemes are analysed to understand how they interact with convection,
orography and high resolution when it comes to get a proper forecast of extreme
precipitation.

As mentioned in paragraph 2.1, the model is built on prognostic variables as
described by Gassmann and Herzog, 2008, in order to get a 2-component system
of dry air and water. Water, indeed, is then described and allowed to be present
in all the three phases: solid, liquid and gaseous (vapour). It is interesting
to notice that precipitating particles are then parameterized in different ways,
with two main available schemes, the single and double moments schemes.
The latter ones describes also the number concentration of hydrometeors, but a
more detailed description can be found in paragraph 2.1.3.

Anyway, the equations that describe momentum, mass and energy of the
mixture constitute a sum of the constituent-specific equation sets. Additionally,
the equation set for the mixture is derived by introducing a reference velocity
in the governing equations (Wacker & Herbert, 2003), which then defines the
specific form of the governing equations themselves.

Thus, first of all the reference velocity is being defined as:

vb =

∑
k ρkvk∑
k ρk

where

• ρk is the partial density of constituent k

• vk is the advective velocity of constituent k

Hereafter, a density weighted averaging is applied, where every specific
field ϕ is being decomposed into a density-weighted mean and a deviation,
allowing a separation of perturbations from the mean flow. This procedure is
taken from Hesselberg (1925).
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Given a generic scalar variable ϕ, its mass-weighted average is defined as

ϕ̂ =
ρϕ

ρ
, (2.1)

where ρ is the Reynolds-averaged total density, and the overbar denotes a stan-
dard Reynolds average. The variable ϕ̂ thus represents the density-weighted
mean value of ϕ, and this decomposition naturally leads to an expression of
the form ϕ = ϕ̂ + ϕ′′, where ϕ′′ represents the fluctuation relative to the mass-
weighted mean.

This formulation is particularly relevant when dealing with turbulent flows
and subgrid-scale processes, since it separates the mean state from unresolved
fluctuations, allowing for a cleaner coupling with turbulence and cloud mi-
crophysics parameterizations. A more detailed theoretical foundation for this
approach is presented in Zdunkowski and Bott (2003).

The ICON model solves the Hesselberg-averaged equations under the
shallow-atmosphere approximation. The prognostic variables include the hor-
izontal velocity component normal to the triangular mesh edges, the vertical
wind velocity, the virtual potential temperature, the Exner pressure, the total
air density, and the mass fractions of each hydrometeor species. The resulting
equation set reads as follows:

∂v̂n
∂t

+
∂K̂h

∂n
+ (ζ + f)v̂t + ŵ

∂v̂n
∂z

= −cpdθ̂v
∂π̂

∂n
− F (vn), (2.2)

∂ŵ

∂t
+ v̂n · ∇ŵ + ŵ

∂ŵ

∂z
= −cpdθ̂v

∂π̂

∂z
− g, (2.3)

cvdcpdρ̂0
Rd

∂π̂

∂t
= cpdπ̂

∂ρθ̂v
∂t

= −cpdπ̂∇ · (ρθ̂vv̂) + Q̂, (2.4)

∂ρ

∂t
+∇ · (ρv̂) =

∑
k

σconv
k , (2.5)

∂(ρqk)

∂t
+∇ · (ρqkv̂) = −∇ ·

(
Jr
k + ρq′′kv

′′
r

)
+ σk, (2.6)
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Equations (2.2)–(2.6) describe the fundamental dynamics of the atmosphere
in the model. Equation (2.2) represents the horizontal momentum along the
grid edges. In this equation, v̂n is the component of the wind velocity normal
to the edge, while v̂t is the tangential component. The term K̂h corresponds
to the horizontal kinetic energy along the edge, and (ζ + f)v̂t accounts for the
effects of vorticity ζ and the Coriolis force f on the flow. Vertical motions,
represented by ŵ, advect horizontal momentum along the vertical direction.
The pressure gradient force is expressed through the Exner pressure π̂ and
the virtual potential temperature θ̂v, multiplied by the specific heat at constant
pressure for dry air, cpd. Finally, F (vn) summarizes frictional or subgrid-scale
forces acting on the flow.

Equation (2.3) governs the vertical momentum, describing how the vertical
velocity ŵ evolves in time under vertical advection, vertical pressure gradients,
and gravity g.

The thermodynamic evolution of the atmosphere is captured by Equation
(2.4), which links the time variation of the Exner pressure π̂ to changes in the
virtual potential temperature θ̂v and the mean air density ρ. The constants cvd
and Rd denote the specific heat at constant volume and the gas constant for dry
air, respectively. Diabatic processes, such as heating or cooling, are included via
the term Q̂.

Mass conservation is ensured by Equation (2.5), which states that the change
in mean air density ρ is balanced by the divergence of the mass flux ρv̂, with
additional contributions from convective mass sources or sinks represented by
σconv
k .

Finally, Equation (2.6) describes the evolution of the mass fractions qk of dif-
ferent atmospheric constituents, such as water vapor, cloud water, and hydrom-
eteors. The transport of these species is influenced both by resolved advection
and subgrid-scale fluxes, including turbulent transport Jr

k and subgrid-scale
covariance terms ρq′′kv′′r . Source and sink terms σk account for microphysical
processes, such as condensation, evaporation, sedimentation, or phase changes
among hydrometeors.

In summary, these equations define the key prognostic variables of the
model: the horizontal and vertical velocities (v̂n, v̂t, ŵ), the Exner pressure π̂,
the mean air density ρ, and the mass fractions qk. Moreover, they describe the
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coupled evolution of momentum, thermodynamics, and composition in the
atmosphere.

The total density of the air mixture is obtained by summing the partial
densities of all components:

ρ =
∑
k

ρk, (2.7)

and each constituent has its own mass fraction:

qk =
ρk
ρ
. (2.8)

In the ICON model, the index k is used to identify the individual compo-
nents of the atmospheric mixture, which includes both dry air and hydromete-
ors. They are, specifically:

• k = d dry air,

• k = v water vapor,

• k = c cloud water,

• k = i cloud ice,

• k = r rain,

• k = s snow,

• k = g graupel.

• k = h hail (included in the 2-moment microphysics scheme).

It is worth noting that the dry air mass fraction qd is not treated prognosti-
cally. Instead, it is diagnosed from the other species to ensure that the sum of
all mass fractions remains equal to one. This constraint reflects the fundamental
physical requirement of mass conservation within the mixture and allows for
consistent thermodynamic diagnostics.
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2.1.2 The Model Reference State and simplifying assumptions

Atmospheric dynamics are typically characterized by relatively small varia-
tions in thermodynamic variables with respect to a large-scale background
state. For this reason, and similarly to other numerical models, ICON adopts a
formulation based on an atmospheric reference state. In this framework, ther-
modynamic variables are expressed as the sum of a time-invariant, horizontally
homogeneous reference profile and a local deviation from it.

Any thermodynamic grid-scale variable ψ̂(λ, ϕ, z, t) can be written as:

ψ̂(λ, ϕ, z, t) = ψ0(z) + ψ′(λ, ϕ, z, t), (2.9)

where the subscript 0 denotes the reference-state component and the prime
denotes the perturbation (or grid-scale deviation).

Accordingly, the prognostic thermodynamic variables are expressed as:

ρ(λ, ϕ, z, t) = ρ0(z) + ρ′(λ, ϕ, z, t), (2.10)

π(λ, ϕ, z, t) = π0(z) + π′(λ, ϕ, z, t), (2.11)

θ̂v(λ, ϕ, z, t) = θv0(z) + θ′v(λ, ϕ, z, t). (2.12)

The reference profiles ρ0, π0, and θv0 are related through the equation of state
and are hydrostatically balanced. Specifically, the hydrostatic balance is given
by:

π0 =

(
Rdρ0θv0
p0

) Rd
cpd

,
dπ0
dz

= − g

cpdθv0
. (2.13)

These reference profiles can be obtained by integrating Eq. (2.13), provided
that appropriate boundary conditions are given. Notably, ICON uses the same
reference state as the COSMO model.

In models such as ICON, the local atmospheric state may deviate signifi-
cantly from a horizontally homogeneous reference. However, ICON does not
apply any linearisation of the governing equations around the reference state,
as it is often done in models based on the anelastic approximation. Instead, the
primary motivation for introducing the reference state in ICON lies in simplify-
ing the vertical pressure gradient term, by removing the contribution from the
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base-state pressure gradient in the equation of motion:

cpdθ̂v
∂π

∂n
= cpdθ̂v

∂π′

∂n
. (2.14)

This formulation leads to a more efficient numerical scheme, particularly
in the computation of pressure gradients along sloping coordinate surfaces.
That said, the practical impact in ICON is limited because, by design, ICON
evaluates horizontal pressure gradients on horizontal model surfaces (constant
height), not along terrain-following layers. This avoids the typical errors seen
in sloping-coordinate systems.

With this reference-state formulation in place, the vertical momentum equa-
tion simplifies. The vertical acceleration term in Eq. 2.3 becomes:

−cpdθ̂v
∂π

∂z
− g = −cpd(θv0 + θ′v)

∂(π0 + π′)

∂z
− g (2.15)

= −cpdθv0
(
dπ0
dz

+
∂π′

∂z

)
− cpdθ

′
v

(
dπ0
dz

+
∂π′

∂z

)
− g (2.16)

= −cpdθv0
∂π′

∂z
− cpdθ

′
v

(
dπ0
dz

+
∂π′

∂z

)
. (2.17)

Inserting the hydrostatic balance relation dπ0

dz
= − g

cpdθv0
into the equation

gives:

−cpdθ̂v
∂π

∂z
= −cpdθv0

∂π′

∂z
− cpdθ

′
v

(
∂π′

∂z
− g

cpdθv0

)
, (2.18)

and hence the full vertical momentum equation becomes:

∂ŵ

∂t
+ v̂h · ∇ŵ + ŵ

∂ŵ

∂z
= −cpd

(
θv0

∂π′

∂z
+ θ′v

(
∂π′

∂z
− g

cpdθv0

))
. (2.19)

The perturbation fields π′ and θ′v are computed directly from the prognostic
equations, and the decomposition allows the hydrostatic contribution to cancel
exactly with gravity, improving the balance and conditioning of the numerical
scheme.

In the current version of the ICON model, certain simplifying assumptions
are introduced concerning the treatment of mass tendencies associated with pre-
cipitation and evaporation processes. Specifically, the model does not explicitly
account for atmospheric mass loss or gain due to these processes.
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The term
∑

k σ
conv
k on the right-hand side of Eq. 2.5, which would repre-

sent the net mass contribution from convective parameterizations (including
precipitation), is neglected. As a result, the ICON model does not include any
source or sink terms in the mass continuity equation that arise from convective
precipitation or redistribution of mass by convective updrafts or downdrafts.
Accordingly, the continuity equation for total air density simplifies to:

∂ρ

∂t
+∇ · (ρv̂) = 0. (2.20)

At the surface, the boundary condition for the vertical mass flux is approxi-
mated as:

ρŵ|b =
∑
k

ρkŵk|b = 0, (2.21)

which, when expressed in terrain-following coordinates, corresponds to:

ρŵ|b = −ρ v̂ · ∇h,

where h denotes the terrain height. Under this assumption, the atmospheric
column is effectively treated as a closed system with respect to total mass.

Note that some mass fluxes associated with microphysical and surface
processes are still retained in the model. In particular:

• Sedimentation fluxes of hydrometeors, denoted by Fk,⊥, represent the
downward transport of condensate species (such as cloud water, rain,
snow, graupel, and hail) due to gravitational settling. The subscript ⊥
indicates that these fluxes are evaluated perpendicular to the terrain-
following surface, i.e., along the local vertical relative to the ground. This
ensures that the flux correctly accounts for the orientation of sloping
terrain.

• Surface evaporation fluxes, denoted by Ek,⊥|b, represent the mass of con-
densate species evaporating or sublimating at the surface and entering the
lowest model layer. Similarly, the ⊥ subscript indicates the component of
the flux perpendicular to the terrain.

To satisfy the surface boundary condition in Eq. (2.21), which requires the
net vertical mass flux of the total air mixture at the surface to vanish, it is
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implicitly assumed that any local gain or loss of mass due to these processes is
compensated by a fictitious vertical flux of dry air. This approach maintains the
total mass balance in the atmospheric column while allowing sedimentation
and surface evaporation to affect the individual constituent equations.

Away from the surface, diffusion fluxes for all hydrometeors (except dry air)
are ignored. However, diffusive effects are still considered for all other species.
The total mass continuity equation remains in the form of Eq. (2.20), provided
that: ∑

k

J
r

k = 0,

i.e., the sum of all diffusive mass fluxes is zero. This ensures that any sedimen-
tation flux of a hydrometeor species (e.g., snow) is balanced by an artificial
upward flux of dry air, such that the total mass within a control volume moving
with the barycentric velocity remains conserved.

These assumptions can be summarized as follows:

• The model conserves the total air mass, rather than the dry air mass.

• Precipitation-related sinks and evaporation-related sources are excluded
from the total mass budget.

• Changes in total mass due to phase change processes do not influence the
surface pressure.

This last point becomes clearer when examining the hydrostatic pressure
tendency equation, and incorporating the simplified continuity and boundary
conditions from Eqs. (2.20) and (2.21), as also discussed in Wacker and Herbert
(2003). Starting from the hydrostatic relation:

∂π0
∂z

= − g

cpdθv0
, (2.22)
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and integrating vertically, we obtain the time derivative of surface pressure:

∂ps
∂t

=
∂

∂t

(∫ zT

zs

ρ dz

)
(2.23)

= −
∫ zT

zs

∇ · (ρv̂) dz (2.24)

= −∇ ·
∫ zT

zs

(ρv̂) dz + ρŵ|zT − ρŵ|zs (2.25)

= −∇ ·
∫ zT

zs

(ρv̂) dz + g
∑
k

J
r

k|zT − g
∑
k

J
r

k|zs (2.26)

= −∇ ·
∫ zT

zs

(ρv̂) dz + g
∑
k

(
J
r

k|zT − J
r

k|zs
)
, (2.27)

where zT and zs denote the top and bottom model levels respectively. The
convective surface precipitation flux is related to the total vertical flux by:

P tot
conv|b =

∫ ∞

zs

∑
k

σconv
k dz. (2.28)

Hence, the dynamical effects associated with precipitation or evaporation
sources and sinks, particularly their feedback on surface pressure, are neglected.
This effectively means that changes in total mass resulting from microphysical
processes are not allowed to impact the large-scale pressure field.

2.1.3 Physical Parameterization Schemes

The ICON model incorporates several state-of-the-art physical parameteriza-
tions tailored for high-resolution convection-permitting simulations:

• Radiation: The ecRad radiation scheme (Hogan & Bozzo, 2018) offers
improved accuracy and computational efficiency compared to traditional
schemes such as RRTM (Mlawer et al., 1997). It explicitly represents both
shortwave and longwave radiation.

• Cloud Microphysics: ICON includes both single-moment and double-
moment microphysics schemes. The single-moment scheme predicts
cloud water, rainwater, cloud ice, and graupel, whereas the double-
moment scheme additionally predicts number concentrations of the same
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hydrometeors also counting hail compared to the single-moment schemes.
Both schemes have been extensively tested to assess their impact on the
predictability of deep convective storms in this work.

• Convection: A bulk mass flux convection scheme parameterizes shallow,
mid-level, and deep convection. For convection-permitting simulations
at resolutions below a few kilometers, deep and mid-level convection
schemes are typically disabled, allowing the explicit resolution of convec-
tive processes while shallow convection remains parameterized (Baldauf
et al., 2011).

• Turbulence and Diffusion: ICON employs two turbulence schemes:

– A Turbulent Kinetic Energy (TKE) scheme suitable for surface layer
and free tropospheric turbulence in a 2D framework (Raschendorfer,
2001).

– A Large Eddy Simulation (LES) approach based on a 3D Smagorinsky-
type closure (Smagorinsky, 1963), particularly effective at hectometric
scales where explicit resolution of turbulent eddies is required.

2.2 Initial and Boundary Conditions

2.2.1 Initial Conditions

ICON can be run by exploiting initial and boundary conditions from different
centres.

The first one, straight-forward way to initialize ICON is by using DWD’s
products. In this way, the model is directly initialized by using analysis data in
the same format and grid of the model itself, usually stored in grib2 files. These
data are updated every 3 hours and, if we consider the deterministic data, they
are generated by means of a hybrid Ensemble Variational Data assimilation
approach (Hamrud et al., 2014), while ensemble data exploit a LETKF approach
(Bonavita et al., 2015; Hunt et al., 2007).

In addition, at the convective-scale, the limited-area version of ICON can
also be initialized from analyses produced by the KENDA system (Schraff
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et al., 2016), which provides ensemble-consistent initial conditions through
a LETKF-based framework specifically designed for high-resolution regional
forecasting.

The second way is by exploiting data analysis product from the IFS model of
ECMWF. A crucial point when using IFS data is the conversion of variables: first
of all, the names of the main retrived atmospheric variables are quite different,
that is why here a summary of the converted names used to run the ICON
model from IFS variables is reported. Thus, it is essential to change the name of
the IFS variables into the ICON short names.

2.2.2 Boundary conditions and external parameters

Limited-area simulations using the ICON-LAM framework require careful spec-
ification of LBCs and surface parameters to ensure dynamical consistency and
realistic surface-atmosphere interactions. Since the limited-area domain does
not cover the entire globe, the evolution of atmospheric variables along its
lateral boundaries must be continuously constrained by external data. These
boundary fields, available at discrete time steps (e.g., every 1, 3 or 6 hours),
include wind components, temperature, humidity, surface pressure, and other
relevant variables. To integrate them into the ICON-LAM simulation, the
boundary data must first be remapped onto the high-resolution limited-area
grid and vertically interpolated to the model’s non-hydrostatic vertical coor-
dinate. This is typically achieved using the iconremap and int2icon tools,
which ensure consistent alignment of spatial and temporal dimensions across
nested domains.

In addition to the dynamic LBCs, ICON requires a set of external parameter
files that describe static surface properties such as orography, land-sea mask,
vegetation type and coverage, soil categories, albedo, surface roughness, and
others. These parameters, while temporally invariant during the simulation, are
critical for representing land-surface interactions, radiative fluxes, and turbu-
lent energy exchanges. They are generated using the iconextpar tool, which
processes global high-resolution datasets (e.g., GLOBE for topography or ECO-
CLIMAP for vegetation) and interpolates them onto the ICON grid. Special
attention is given to consistency among these surface fields, particularly at coast-
line transitions and mountainous regions, as mismatches between orography
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and pressure fields can induce spurious circulation patterns. Moreover, some
land-surface properties may influence initial fields in the atmosphere through
soil moisture or snow cover, making the preprocessing of external parameters
a fundamental part of any limited-area ICON simulation. These files, once
generated, are typically stored in NetCDF format and remain unchanged across
simulation time steps, unless specific surface updates (e.g., snow assimilation
or sea surface temperature changes) are applied during long-term runs.

The first ICON simulations carried out during this study use deterministic
and ensemble forecast data from IFS, typically at a horizontal resolution of
about 9 km, retrieved from ECMWF. These data provide IC and hourly updated
LBCs. Given ICON’s icosahedral grid, horizontal regridding is performed
using the iconremap tool from the DWD icontools package (Prill, 2020), which
applies Radial Basis Function-based interpolation from the regular IFS grid
onto ICON’s triangular grid. Vertical interpolation is managed internally by the
ICON model. ICON-EU initial and boundary conditions were used for latter
simulations in chapter 5, where the microphysics schemes were perturbed:
in this case the initialization procedure involves a horizontal interpolation
of prognostic and diagnostic fields from the coarser ICON-EU grid (6.5 km)
onto the high-resolution limited-area grid (2.2 km). Since both configurations
share the same icosahedral grid structure and variable definitions, no grid-type
transformation or variable conversion is required.

2.3 ICON nesting strategy

ICON supports both one-way and two-way nesting configurations, enabling
simulations at multiple spatial resolutions within the same framework. Nesting
allows high-resolution domains (children) to be embedded within coarser-
resolution domains (parents), thereby improving the representation of local
processes without the computational cost of refining the entire model grid.

In a typical nesting setup, each parent-child pair interacts via three key
zones: a boundary interpolation zone, a nudging zone (in the case of one-way
nesting), and a feedback zone (used in two-way nesting). Lateral boundary
conditions for the nested domain are obtained by interpolating prognostic
variables from the parent domain into the boundary interpolation zone. This
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ensures that the child domain evolves in consistency with the larger-scale flow.

For two-way nesting, feedback from the child to the parent domain is acti-
vated by enabling the corresponding namelist switch (lfeedback = .TRUE.).
In this configuration, that is the one adopted in this work, the model state on the
parent domain is relaxed towards the updated, higher-resolution fields of the
child at every fast physics time step. This feedback loop improves the parent
simulation by incorporating finer-scale features resolved only on the nested
grid. The feedback is applied to specific prognostic variables such as horizon-
tal and vertical wind components, virtual potential temperature, density, and
water vapor content, while surface fields and precipitating hydrometeors are
typically excluded.

Technically, nesting in ICON is realized via a recursive time-stepping se-
quence, in which the global or outermost domain is advanced first. Boundary
data are then passed down to each nested domain in succession. If multiple
nested levels are defined, each level operates on a reduced time step (usually
halved at each level), ensuring numerical stability. After advancing all nested
domains, feedback is passed upward from the innermost to the outermost grid.

While one-way nesting is also possible and often used in ICON limited-area
mode (ICON-LAM), its key difference lies in the origin of lateral boundary
conditions: these are externally provided, typically from a global model or
coarser regional simulation. In ICON-LAM, boundary updates occur at prede-
fined intervals via input files, and interpolation is performed in time and space.
The lack of feedback in this configuration makes it simpler but potentially
less consistent at the domain boundaries compared to the two-way nesting
approach.

Overall, ICON’s nesting capabilities are designed to balance accuracy and
computational efficiency, offering a flexible and scalable solution for multi-
resolution weather and climate simulations.
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2.4 ICON Application for High-Resolution Case

Studies

ICON’s versatility has been crucial in investigating extreme precipitation events
through high-resolution simulations and ensemble forecasting approaches. For
instance, initial sensitivity tests and a subsequent ensemble of 10 ICON mem-
bers were conducted to analyze the catastrophic flooding event that occurred in
the Marche region in 2022. This initial ensemble utilized the first ten ECMWF
ensemble members as initial conditions, applying double nesting starting from
a 2.2 km horizontal resolution and refining down to 550 meters. For simplicity
and readability, this resolution is occasionally referred to as “500 m”. This
approximation does not imply the use of different model configurations and
has no impact on the interpretation of the results. This approach allowed for
a detailed investigation of the mesoscale and microscale dynamics associated
with the flood, demonstrating ICON’s capability to capture fine-scale convective
processes crucial for forecasting extreme precipitation events.

Further exploring ICON’s potential, another ensemble consisting of 36 mem-
bers was conducted for the same Marche event. For this ensemble, initial
conditions derived from ICON itself were used, and parameters within the
double-moment microphysics scheme were perturbed. Such microphysical
perturbations were essential to assess the sensitivity of convective precipita-
tion forecasts to microphysical processes and helped quantify uncertainties
related to cloud and precipitation microphysics in high-resolution modeling
frameworks (Seifert & Beheng, 2006).

Additionally, ICON’s applicability extends beyond the Italian context. Simi-
lar sensitivity tests and microphysical perturbation studies were successfully
performed for a high-impact convective event that happened in Germany near
Villingen-Schwenningen in August 2023 leading to the formation of a very
localized and powerful storm that produced hail, using a 36-member ensemble
at hectometric scales. These studies underline ICON’s robust capabilities in
exploring convective dynamics and uncertainties, enhancing the predictabil-
ity and understanding of severe weather events across diverse geographical
settings.
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2.4.1 Model Configuration and Computational Considerations

The simulations conducted here are characterized by 65 vertical levels for all the
tests and ensembles, striking a balance between computational efficiency and
the adequate representation of tropospheric dynamics and moisture transport.
The model top was set at 22 km, sufficient to capture relevant stratospheric
interactions and their potential influences on tropospheric processes. A two-
way nesting approach is applied, where the resolution of the nested domains is
automatically defined by the ICON web-based tool by halving the horizontal
resolution of each parents’ domain. Thus, starting from a 2.2 km domain,
two nested domains are obtained for each of the tests, with 1.1 km and 550
m resolution, respectively. Moreover, when employing the nested domains, a
list of defined parameters is fixed, with some differences in some cases from
domain to domain, while varying few other parameters depending on the
analysed case study.

In Appendix A, the reader can find the table A.1 that reports a short list
of the most important parameters as defined in the study with also an overall
description of the parameters themselves.

Regarding the parameterization of turbulence, a switch was performed from
the one-dimensional COSMO turbdiff/turbtrans with TKE closure turbulence
scheme (corresponding to the value of 1 in the parameters’ namelist) to the
three-dimensional Smagorinsky scheme (corresponding to the value of 5) for the
higher resolution domain depending on the experiments. Another important
consideration concerns the parameter that defines the maximum height over
which the topography smoother operates (hgtdiff_max_smooth_topo), that
is, the maximum elevation (in meters) up to which the smoothing of the to-
pography is applied. This parameter is essential, as it can lead to significant
changes in precipitation forecasts when moving to high-resolution simulations
over complex terrains, especially in cases of intense convection and turbulence.

This configuration exemplifies ICON’s ability to balance computational
feasibility with detailed process representation, confirming its suitability and
effectiveness in operational and research settings focused on severe convective
storms and extreme precipitation events.
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3 Preliminary analysis of a high
impact convective storm with ICON
high-res simulations

3.1 The unprecedented Marche 2022 flooding

event

On September 15th and 16th, 2022, a devastating flood struck the Marche
region in central Italy, causing at least 2 billion euros worth of damage and
resulting in 13 fatalities (Morelli et al., 2023). The flooding was triggered by a
powerful, self-regenerating V-shaped storm, which intensified as it interacted
with a complex convergence of extremely warm and humid air masses from
the subtropics and much colder, more stable air masses from the Atlantic
Ocean and the Gulf of Lion. These systems, known for producing flash floods
and generating significant hydrogeological risks, are relatively common in the
Mediterranean basin (Amengual, 2022; Rebora et al., 2013), particularly due to
the prolific moisture source provided by the Mediterranean Sea and the latent
heat released by the high temperatures of the sea surface. The Mediterranean
Sea, in particular, has reached record-high temperatures in recent years (Marullo
et al., 2023), which in turn have made storms like this one even more intense.
Indeed, September 2022 was marked by a series of powerful storms following
an exceptional period of record-high temperatures in both the Atlantic Ocean
and the Mediterranean Sea during the summer months, especially in August
(NOAA National Centers for Environmental Information, 2022).

The interaction between warm and moist air from the subtropics and colder
air masses from the Atlantic was a key component of the storm’s strength. This
interaction was further intensified by the presence of a strong Low-level jet
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(LLJ) transporting moisture-rich air towards the Apennine foothills, favouring
convective development (Raveh-Rubin & Wernli, 2016). These mechanisms
contributed to the persistence of intense precipitation over a localized area, a
characteristic often associated with V-shaped storms. Extreme meteorologi-
cal events like this are becoming increasingly common as the global climate
continues to warm, exacerbating the energy available to weather systems and
contributing to the persistence of blocking patterns, which often lead to extreme
weather conditions in certain areas (Kautz et al., 2022). In fact, these block-
ing regimes have been shown to increase the frequency of extreme weather
events, especially in areas that are already vulnerable to heavy precipitation
and flooding.

Moreover, the summer of 2022 saw the Azores High shift significantly
eastward, positioning itself between Spain and Morocco. This anomaly in the
typical positioning of the Azores High meant that it persisted in a location
that trapped warm and humid air across much of southern Europe, setting
up a prolonged period of high pressure in the region. This setup favored the
build-up of intense thermal gradients, which helped fuel storms in the central
Mediterranean region, with moisture and energy being funnelled into the
storm systems. The persistent positioning of the Azores High across southern
Europe, combined with the cut-off low over Spain, contributed to the strong
south-westerly winds that brought moist, warm air into the region, creating
the perfect conditions for storm formation and subsequent flooding. Previous
studies have highlighted similar atmospheric configurations leading to flash
flood events in the Mediterranean. For instance, the October 2018 flood in
Mallorca, Spain, and the devastating floods in southern France in October 2020
were both associated with persistent moisture convergence, strong low-level
jets, and the presence of isolated low-pressure systems (Mastrantonas et al.,
2020). These patterns suggest that the 2022 Marche event was not an isolated
case but part of a broader trend of increasingly frequent extreme precipitation
events in the region.

In Figure 3.1, the synoptic situation over Europe at 14:00 UTC on the day
of the event is shown, specifically at the storm’s onset, as retrieved from ERA5
reanalysis data (Hersbach et al., 2020). This figure shows temperature at 850
hPa and geopotential height at 500 hPa. We can see that a strong Azores High
was positioned off the Iberian Peninsula, with a classic cut-off low centred over
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Spain. This atmospheric setup generated strong south-westerly winds, which
brought significant amounts of heat and moisture from the subtropics and the
Mediterranean Sea. These winds impacted the central portion of the Apennine
Mountain range almost perpendicularly, causing them to interact with other
air masses coming from Corsica and the Gulf of Lion, which enhanced cloud
formation and precipitation across the region. The region’s complex orogra-
phy, characterized by numerous hills and valleys in the areas just before the
mountains, played a crucial role in enhancing convection and turbulence. The
convergence of these warm and cold air masses, combined with the complex
terrain, created significant atmospheric instability, which triggered the rapid
development of intense thunderstorms, resulting in heavy and sustained precip-
itation over the Marche region (Tartaglione, 2025). As noted in several studies,
these types of events are closely linked to specific synoptic dynamics, including
the interaction of various air masses and complex orographic conditions, both
of which enhance precipitation intensity and contribute to the severity of flash
flooding (Amengual, 2022).

Figure 3.1: Synoptic setup at the beginning of the event, temperature at 850 hPa
and geopotential height at 500 hPa are shown.

Despite the favourable conditions for the development of intense events,
the main operational models struggled to accurately forecast the intensity and
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localization of the storms. These models primarily underestimated the total
precipitation amounts and wind intensity, which contributed to the surprise
and severity of the flooding event. The observational network in the region
most affected by the rainfall was relatively sparse in terms of the variety of
observed variables. However, reliable land-based rain gauges, such as the one
at Cantiano (whose location is shown in Figure 3.4), operated by the National
Civil Protection Department of Italy, recorded over 400 mm of rainfall in just 8
hours, from 12:00 UTC to 20:00 UTC (Figure 3.2).

Figure 3.2: Hourly and cumulative precipitation collected by the weather station
in Cantiano on 15/09/2022.

The spatial distribution of the observed precipitation, derived from the
Italian radar network and adjusted with rain gauge data, is shown in Figure 3.3.
The 24-hour cumulative rainfall (panel a) reveals the remarkable localization
and intensity of the event, with a distinct V-shaped structure extending from
northern Umbria to the central Marche region. The maximum precipitation
core, exceeding 400 mm, is clearly centred along the valleys near the Apennine
foothills, where orographic enhancement and low-level convergence likely
played a decisive role.

The three-hourly accumulations (panels b–e) provide a clearer picture of
the temporal evolution of the event. During the early afternoon (12–15 UTC),
the first convective cells formed over the inland areas of Umbria and south-
ern Marche, aligned along a quasi-stationary convergence zone. Between 15
UTC and 18 UTC, convection rapidly intensified and organized into a self-
regenerating V-shaped system, with the apex located over the Cesano and
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Misa river basins. This phase corresponded to the period of most intense rain-
fall observed at Cantiano and other nearby stations. In the following hours
(18–21 UTC), the system remained nearly stationary, continuously feeding on
moist air advected from the south-west by the low-level jet, which sustained
intense and persistent precipitation over the same area. Finally, between 21 UTC
and 24 UTC, the convective activity gradually weakened and shifted slightly
north-eastward toward the Adriatic coast, where it eventually dissipated. Such
sequence shows the slow-moving and quasi-stationary nature of the storm,
typical of V-shaped convective systems, and confirms the crucial role of local
orography and mesoscale convergence in maintaining such high precipitation
rates over a limited area.

In conclusion, this event highlighted the growing difficulty for operational
models to capture the physics of self-regenerating systems, especially when
these systems interact with complex orographic features. It also underscored the
importance of improving forecasting methodologies for extreme weather events
in an era of rapidly changing climate patterns. In particular, the anomalous
positioning of the Azores High, which was more eastward than usual, played
a key role in shaping the conditions that led to this catastrophic flooding.
Given that similar conditions are likely to occur more frequently as a result of
climate change, these findings emphasize the need for more accurate and timely
forecasting models to better predict extreme weather events and mitigate their
impacts.

3.1.1 Predictability and preliminary sensitivity tests

The case of Marche flooding was one illustrative case of how difficult it is
to correctly forecast convective powerful storms like this. This is why some
preliminary sensitivity tests were done first.

To explore the feasibility of high resolution runs, it was selected a first
parent domain characterized by a horizontal resolution of 2.2 km including
Italy and the neighbouring countries. This domain spans from 33.7° to 49° N
in latitude and from 3° to 22° E in longitude. Then, by using the ICON grid
file server, two nested domains were selected with a resolution of 1.1 km and
550 m respectively. The choice of these domains was a compromise between
good representation of the territory, without taking too few grid points, and not
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Figure 3.3: (a) 24h total cumulated precipitation as observed by the Italian
radar-based network adjusted with rain gauges data. (b), (c), (d), (e) 3-hourly
cumulated rainfall at different times from 12:00 UTC to 24:00 UTC.
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cutting the mountains, since this may introduce errors and miscomputations
while the model runs, especially in turbulent regimes. Considering the case
study, with shifting south-westerly flux, it was decided to include the Corsica
island in the first nested domain at 1.1 km, together with all the northern and
central portions of the Apennine mountain range.

It is worth noticing that ICON was still not operational in Italy at that
time, indeed the parameter namelist exploited the settings that were used at
the regional meteorological agency of Emilia-Romagna ARPAE for the lately
dismissed Consortium for Small-scale Modelling (COSMO) model (Marsigli
et al., 2005; Schättler et al., 2021; Vela et al., 2013), which provided the basis
for the physics package of the ICON model with ICs and LBCs taken from
IFS (Iriza et al., 2024; Pham et al., 2021; Prill et al., 2022). The operational
setup recalled the one of Domain 1 as in table A.1. Under these conditions,
sensitivity tests were made, that highlighted interesting and promising features
for improvement of extreme forecasting with convection-permitting models.
After having identified the proper setup for the test simulations the high-
resolution results were compared with IFS forecasts data considered as the
benchmark.

Whole domain comparison

Figure 3.5 shows the 24-hour accumulated precipitation over the entire Italian
domain, from 00 UTC 15/09/2022 to 00 UTC 16/09/2022, comparing the
observed radar network (panel a), IFS forecast data (panel b), and ICON at 2.2
km using the COSMO operational setup for the turbulence scheme (panel c). It
is worth noting that the observed radar–rain gauge composite (panel a) does
not cover the entire model domain, as the Italian radar network only provides
reliable data over most of the national territory and nearby areas. Peripheral
regions, as well as the covering of some areas of the seas and neighboring
countries, remain unobserved and are plotted in gray. This results in a smaller
spatial coverage compared to model fields.

The observations (panel a) reveal the extreme and highly localized nature
of the event. The heaviest precipitation was concentrated almost exclusively
over Marche and Umbria, with localized maxima exceeding 400 mm around
Cantiano, and several bands above 200 mm extending along the Apennine ridge.
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Figure 3.4: Domain of the simulations. Parent 2.2 km horizontal domain in-
cluding the two nests used for the sensitivity tests and the high-resolution
ensembles.
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In contrast, the rest of Italy experienced relatively modest or scattered rainfall.
This sharp spatial confinement clearly reflects the convective character of the
storm and the strong orographic enhancement in central Italy. Readers can visu-
ally identify in the figure the intense “core” of the storm over Marche/Umbria,
with the surrounding areas remaining mostly dry, highlighting the extreme
localization of the event.

The IFS forecast (panel b) captures the general precipitation pattern across
Italy, but misplaces the location of the heaviest rainfall. Its maxima occur
primarily over Tuscany and Latium, reaching up to about 180 mm, while
underestimating the extreme amounts over Marche and Umbria. In the figure,
this is visible as pronounced peaks in the wrong regions, illustrating how the
model spreads heavy precipitation over a broader area than observed. This
mismatch highlights the limitations of coarse-resolution or global models in
forecasting the precise location and magnitude of small-scale, high-intensity
convective events.

The ICON simulation at 2.2 km (panel c), using the COSMO operational
setup for turbulence, reproduces the general precipitation distribution in north-
ern and southern Italy, but, similar to IFS, fails to capture the intense central
storm. Only a weak precipitation signal appears over the flooded area. In
the figure, one can see that the signal in Marche/Umbria is weak and diffuse,
confirming that this first test with ICON and the operational COSMO setup is
insufficient to reproduce the extreme event. This outcome emphasizes not only
the importance of high spatial resolution and suitable turbulence and convec-
tion parameterizations, but also the critical role of accurate initial conditions.

These visual insights at the national scale motivated us to focus on the area
directly affected by the flood. In the following section, here high-resolution sim-
ulations with double nesting down to 550 m are performed, which allow a more
realistic representation of the thunderstorm and its associated precipitation
over Marche and Umbria.

Focus domain comparison

In Figure 3.6b we can observe the same simulations and observations as above,
but with a focus on the area that was selected for the innermost domain. The
IFS model is able to identify two interesting and distinguished areas of high
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Figure 3.5: Comparison on the whole Italian domain of 24h total precipitation
field from 00:00 UTC 15/09/2022 to 00:00 UTC 15/09/2022 between (a) Ob-
served radar-rain gauge network (b) IFS forecast data, (c) ICON control run at
2.2 km with COSMO operational setup.
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Figure 3.6: Comparison on the flooding area of 24h total precipitation field from
00:00 UTC 15/09/2022 to 00:00 UTC 15/09/2022 between (a) Observed radar
network (b) IFS forecast data, (c) ICON run at 2.2 km with COSMO operational
setup (d) ICON run at 550 m with Smagorinsky turbulence scheme.
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precipitation as it was also shown in the whole domain comparison, in the
centre—left and bottom-centre portions of the domain (respectively Tuscany
and Latium) where precipitation actually reached high values, but they were
overestimated by the model, that reported a maximum peak in the forecast of
131 mm over the focus area. At the same time, there was a huge underestima-
tion of the exceptional rainfall between Umbria and Marche, with forecasted
values not exceeding 70 mm in the overall area interested by the flooding event.
Moreover, the model failed in capturing most of the rainfall in the leeward side
of the mountains.

In Figure 3.6c we can appreciate the precipitation forecasted by the ICON
model with the operational setup used for COSMO at that time, with 65 vertical
levels, parameterized convection and 2.2 km horizontal resolution without
nesting; also, the turbdiff/turbtrans 2D turbulence scheme is used. It is worth
noticing that the ICON model was still not operational at ARPAE at that time,
this is why the forecast with ICON by using the COSMO model settings that
were used for the operational simulations at that time was reproduced. The
model is able in this case to reproduce quite well the precipitation in the south-
ern portion of the domain and in the northern regions, but still does not capture
the thunderstorm responsible for the huge amounts of rain in central Italy,
just showing a weak precipitation pattern that starts upwind of the Apennine
and continues downwind towards the Adriatic sea. This is why it was de-
cided to explore the role of different turbulence schemes and hectometric-scale
simulations.

In Figure 3.6d, indeed, similar setup as for 3.6c but switch for the turbulence
scheme is analysed: indeed, the Smagorisnky turbulence scheme is activated
and the double nesting at 550 m resolution is used for the first time. This test
gave us some preliminary useful insights: the total forecasted precipitation
increases in the areas actually affected by rain as observed. A new intense
precipitation pattern appears between 11.5° E and 13 ° E at a latitude included
between 43.5° N and 44 ° N, suggesting that the model is now reproducing a
thunderstorm close to the area hit by the flooding, even though not in the exact
location and quite far from the total precipitation amounts.

Also, precipitation amounts increased in the central portion of the domain,
leading to a better coverage of the observed field, giving an overall better
precipitation forecast compared to the observations. This preliminary result
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led us to set up ensemble simulations with double nesting down to 550 m
resolution, in order to understand which features could be involved in the
predictability of the event and how the interactions between high resolution,
initial conditions and turbulence schemes could improve the forecast of a such
unpredictable storm.
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4 The role of hectometric-scale
ensembles

Despite the high computational cost that is usually needed to run them, hec-
tometric-scale simulations present a huge opportunity for forecasting of deep
convective events and, broader, for accurate and fine-scale predictions (Lean
et al., 2024). Enhancing the resolution of the models is essential to produce
adequate forecasts especially in a changing climate with soaring temperatures
and frequency of extreme events. Indeed, instruments themselves are not per-
fect and characterized by internal limitations, moreover, human errors may
add up when trying to register data, including time of recording and typing
errors. Last, the overall coverage of the land surface by the instruments is pretty
nonhomogeneous (Kidd et al., 2017), leading to many areas being uncovered,
increasing the final level of uncertainty that plays a role when initializing the
forecasts. This is why the first step was focusing on high-resolution simulations
down to 550 m resolution.

However, sometimes high resolution is not enough: unpredictable storms
highly depend on the weather situation and on the high sensitivity of the
system to small uncertainties, that may derive also from errors on the initial
conditions and model approximations. This led to the adoption an ensemble
approach to evaluate the role of perturbations to the initial conditions in an
innovative hectometric-scale setup for the Italian context, which gave us im-
portant information for future improvement of our meteorological forecasting
network.

4.1 Sensitivity to initial conditions

65
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4.1.1 Ensemble forcing data

Initial and boundary conditions are taken from the members of the ECMWF
IFS ensemble dataset: similarly to the data used for the sensitivity tests, the
three-dimensional fields include dynamic and moisture-related variables, such
as zonal and meridional wind components (u and v), vertical wind component
(w), temperature (t), specific humidity (q), cloud liquid and ice water content
(clwc and ciwc), rain-origin water content (crwc), and snow-origin solid water
content (cswc). These data are distributed across the model levels (from 31
to 137), allowing an accurate representation of the vertical structure of the
atmosphere. For two-dimensional (2D) fields, the logarithm of surface pressure
(lnsp) was extracted. These data cover a spatial resolution of 0.18° by 0.18°,
centered on a geographical area between 52°N - 30°N and -5°E - 25.1°E, covering
much of Europe.

Here the first 10 members from the IFS ENS which provides a diverse set of
IC and BC were selected. Making use of the Stochastically perturbed parametri-
sations technique (SPPT) which adds random, stochastic perturbations to the
tendencies of atmospheric variables (Buizza et al., 1999), highly uncertain physi-
cal processes like convection and cloud formation may benefit of a more realistic
representation of possible atmospheric states. This approach ensures an equally
probable set of scenarios.

4.1.2 LOWRES ensemble (2.2 km)

The first ensemble consists of a 2.2 km horizontal grid spacing resolution setup
making use of the parameters’ settings as shown in the second column (Domain
1) of table A.1. Since the nesting is not applied here, this experiment is called
LOWRES (low-resolution) ensemble. This ensemble is considered as bench-
mark for the following high-resolution ones. As can be seen in Figure 4.1, the
members show a large variability in the 24h total precipitation field at the local
scale. The total precipitation amounts are particularly low compared to the
observations, with just member 10 reporting accumulations exceeding 120 mm
in a small area just a bit south and still upwind of the actual event.
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4.1.3 COSMO_tke ensemble (550 m)

Using the operational COSMO turbtran and turbdiff turbulence scheme, this
first high-resolution ensemble was done with online two-way nesting between
the domains: starting from the 2.2 km resolution domain, through an inter-
mediate domain of approximately 1 km horizontal resolution, the 500 m scale
was reached for the innermost grid (Figure 4.2). The spatial variability of the
single members points out that the initial and boundary conditions played a
crucial role in such event. Anyway, the total precipitation field improves when
compared with the observation field in Figure 3.6(a), with member m2 showing
a very good match with the actual event, especially in the upwind side.

The spatial distribution of the thunderstorm in m2 recalls almost perfectly
the precipitation distribution of the primary thunderstorm that hit the moun-
tains, with broad precipitation bands exceeding 120 mm and peaks over 150
mm. Even though it is able to reproduce high precipitation in the downwind
side, the second cell of the thunderstorm does still not appear, thus still there is
overall underestimation of the event downwind.

4.1.4 SMAGO_500m ensemble (550 m)

Finally, a last double nested ensemble was done with the activation of the
Smagorinsky turbulence scheme at 550 m resolution, maintaining the COSMO
turbdiff/turbtrans parameterizations for the coarser domains (2.2 km and 1.1
km) (Raschendorfer, 2016; Raschendorfer, 2001). Compared to the latter ones,
the Smagorinsky turbulence scheme adopts a three-dimensional approach for
the transport of moisture, while the operational COSMO_tke closure runs in a
one-dimensional approach. This, combined to a better representation of small
turbulent eddies, seems to improve the formation of convective clouds and
their interaction with the complex orography of the territory. Indeed, looking
at Figure 4.3 we can see how the total forecasted precipitation increases in all
the members, with a better match with the observed field, especially for the
members that reproduce large precipitating bands.

The member m2, that is the one which better reproduced the precipitating
field in the first ensemble test, still improves its spatial distribution of the rainfall,
with larger bands of precipitation in the downwind side of the Apennines, that
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appeared to be the main weak point of the model when forecasting this event.
In fact, more rain starts to be forecasted and an important portion of it now
falls in the leeward side, compared to the COSMO_tke setup forecast. Still,
the variability of the ensemble in terms of precipitating patterns does not
change dramatically, with the initial conditions seeming to represent the main
factor in determining the environment for the development of the devastating
storm. Nonetheless, the combined role of the correct initial condition with the
hectometric-scale ensemble and the activation of the Smagorinsky turbulence
scheme led to an overall improvement of the predictability of this extreme
precipitation event.

4.2 The forecasting of wind and water vapour

In this section, the first two ensemble members are compared: they exhibited
significantly different precipitation patterns, to identify the key atmospheric
mechanisms responsible for these differences. As introduced in Section 3.1,
low-level wind convergence emerged as a critical trigger for the initiation and
maintenance of deep moist convection during the event. Member m2, which
better reproduced the observed precipitation distribution, also provided a
markedly different representation of the wind and humidity fields compared to
member m1.

As illustrated in Figure 4.4, member m2 simulated substantially stronger low-
level winds, particularly at 18:00 UTC, which marked the mature phase of the
convective outbreak. These winds reached peak magnitudes of around 30 m s−1

at the geopotential height of 850 hPa over the central Apennines and maintained
a coherent structure extending from the Tyrrhenian coast toward the inland
mountain barrier. Crucially, a well-defined southerly flow originating from the
central Mediterranean was evident, carrying warm and moist air masses toward
the Italian peninsula. This inflow interacted with relatively cooler and drier
air descending from the northwest, likely influenced by subsidence behind the
Alpine ridge and air masses channeled from the Gulf of Lion.

This dynamic interaction led to the establishment of a marked wind conver-
gence zone between 42.5◦N and 43.5◦N, particularly between 12◦E and 13◦E,
which coincides with the regions of maximum precipitation accumulation in
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both the forecasts and observations. The convergence was clearly identifiable
from the curvature and deceleration of the wind vectors, forming a stagnation
region favorable to sustained upward motion. The orographic forcing of the
Apennines further enhanced this setup, promoting lifting at the leading edge of
the moist inflow and anchoring convection to the terrain.

In contrast, member m1 predicted considerably weaker winds with less
directional shear and a reduced southerly component. The near-surface and
850 hPa flow fields showed less curvature and little evidence of convergence,
suggesting that this member failed to develop the mesoscale environment
needed to support organized uplift. The wind fields remained mostly zonal
and weakly divergent, leading to inefficient moisture accumulation inland and
suppression of deep convective initiation.

The differences between the two members become even more evident in the
specific humidity fields shown in Figure 4.5. At 850 hPa, member m2 produced
a pronounced tongue of high humidity values (exceeding 12–13 g kg−1) extend-
ing from the Tyrrhenian Sea into the central Apennine foothills. This moisture
plume was strongly aligned with the southerly flow and converged into the
low-level convergence zone described above. Such accumulation of moisture
at low levels is a well-known prerequisite for convective destabilization, as
it enhances moist static energy and reduces convective inhibition (Tomassini,
2020). The spatial overlap between high specific humidity and dynamically
forced ascent regions is a clear indicator of the member’s capacity to simulate
a favorable pre-convective environment. Conversely, member m1 exhibited a
more diffuse and disorganized humidity field. Although it captured general
moisture advection from subtropical latitudes, the lack of coherent convergence
prevented the development of narrow moist corridors and vertical humidity
gradients. As a result, there was limited accumulation of water vapour inland
and weaker boundary-layer moistening, both of which likely contributed to the
failure to initiate deep convection inland. From a process-based perspective, the
improved performance of member m2 stems from the synergistic interaction
between dynamically driven convergence and thermodynamic moistening. The
convergence of strong southerly winds with opposing northwesterly flows
created a zone of horizontal mass accumulation and vertical lifting, while sus-
tained low-level humidity transport ensured that sufficient water vapour was
available to support convective cloud formation and precipitation production.
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Figure 4.1: LOWRES ensemble without nested domains. Accumulated 24h total
precipitation from 15/09/2022 00:00 UTC to 16/09/2022 00:00 UTC.
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Figure 4.2: Accumulated 24h total precipitation over the 550 m grid from
15/09/2022 00:00 UTC to 16/09/2022 00:00 UTC for the COSMO_tke high-
resolution ensemble with double nesting.
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Figure 4.3: Accumulated 24h total precipitation from 15/09/2022 00:00 UTC
to 16/09/2022 00:00 UTC over the 550 m grid for the SMAGO_500m high-
resolution ensemble with double nesting and activation of Smagorisnky turbu-
lence for the innermost domain only.
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Figure 4.4: Zonal wind intensity and direction at 850 hPa as forecasted by the
two members m1 (a,c) and m2 (b,d) at 16:00 UTC and 18:00 UTC respectively at
550 m resolution. Member m2 exhibits stronger and more organized southerly
inflow and convergence.

Figure 4.5: Specific humidity at 850 hPa geopotential height for the members
m1 (a) and m2 (b) at 18:00 UTC of 15/09/2022.



74 4.3 Validation of precipitation ensembles

4.3 Validation of precipitation ensembles

4.3.1 Ensemble statistics

Figures 4.6–4.8 present the ensemble statistics for the three 10-member ensem-
bles constructed from perturbed IFS initial conditions. These plots allow us to
examine how the precipitation signal associated with the Marche flood case is
represented in the different configurations, and to what extent the ensemble
spread and percentiles provide useful information beyond the mean field.

Starting with the ensemble mean, all three configurations are characterized
by a tendency to smooth out the extremes: the broad west–east precipitation
band can still be recognized, but the maximum values barely reach 100 mm.
This is a clear illustration of how averaging across displaced convective systems
tends to erase the most relevant signals for risk assessment. While the mean
may capture the background environment of widespread rainfall, it provides
very little guidance on the potential severity of the event.

The lower bound of the distribution, represented by the 10th percentile, is
essentially uninformative in this case. In all three ensembles, it highlights that
a considerable fraction of members produce almost no relevant precipitation
in the target area. This reinforces the idea that the system was highly sensitive
to the perturbed initial conditions, with several members failing to initiate or
sustain organized convection.

A more engaging picture emerges from the ensemble spread and the 99th
percentile. The spread maps highlight how much members diverge in terms
of location and intensity of the rainfall maxima. The LOWRES ensemble (Fig-
ure 4.6) shows comparatively modest spread, reflecting the limited variability
allowed by the coarser resolution. COSMO_tke (Figure 4.7) displays broader
patterns of variability, with storm tracks shifting both northward and inland.
The SMAGO_500m ensemble (Figure 4.8), finally, shows the most pronounced
spread, consistent with the increased degrees of freedom and sensitivity to
the turbulence parameterization at hectometric scale. Specifically, this aspect
highlights the high sensitivity of the 3D turbulence scheme to produce stronger
storms when hectometric resolution is activated in combination with the correct
initial conditions.
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The 99th percentile maps are perhaps the most telling. In each configura-
tion, maxima above 200 mm appear, roughly aligned with the observed flood-
producing convective system. Yet the exact placement varies considerably: in
LOWRES the core tends to be displaced a bit northward but still producing
very low amounts, even though important peaks appear in the upwind side of
central Italy Apennine range, in COSMO_tke heavy precipitation often extends
further inland into Umbria, with some precipitation starting to be advected
over the Marche region, while in SMAGO_500m the extreme values are more
elongated and heavier and sometimes shifted, but still reproducing patterns
close to observations. This variability underscores both the value and the chal-
lenge of using ensemble percentiles: they clearly demonstrate that catastrophic
rainfall was a plausible outcome within the ensemble space, but they also reveal
a high degree of uncertainty in its precise location and intensity.

Taken together, these ensemble statistics highlight a strong contrast. On one
hand, the mean provides a diluted picture of little relevance for an event of
this kind. On the other hand, the 99th percentile brings to light the potential
for extreme rainfall, though at the cost of considerable spatial variability. For
forecasters and decision-makers, this reinforces the importance of looking
beyond the mean and considering ensemble spread and percentiles as the real
carriers of information in high-impact convective events.
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Figure 4.6: Ensemble statistics of the 10-members IC-perturbed ensemble for
the LOWRES nest for the Marche flooding that happened on 15th September
2022

Figure 4.7: Same as figure 4.6, but for the COSMO_tke ensemble.
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Figure 4.8: Same as figure 4.6, but for the SMAGO_500m ensemble.

4.3.2 Overlap ratio

After the analysis of basic ensemble statistics, a simple yet effective version
of the Overlap Ratio, designed to evaluate the spatial agreement between
forecasted and observed precipitation fields is applied. This metric quantifies
the number of grid points where both the forecast and the observation exceed a
given precipitation threshold, providing a straightforward estimate of how well
the model reproduces the location and extent of significant precipitation. Such
spatial comparison techniques are widely used in meteorology and climate
science to assess model skill in reproducing observed structures, particularly
for high-impact weather events (Ebert, 2008; Li et al., 2015; Rezacova et al.,
2015).

In Figure 4.9, the Overlap Ratio for six precipitation thresholds ranging from
10 mm to 100 mm of daily accumulated precipitation is displayed, after interpo-
lating all forecasts onto the 1 km radar and rain-gauge based observational grid
and selecting the area of the 550 m innermost domain. The analysis includes
three ensemble configurations: the LOWRES control, the 550 m domain of the
high-resolution COSMO_tke, and the 550 m domain of the high-resolution
SMAGO_500m ensemble using the Smagorinsky turbulence closure scheme. A
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first clear finding is that, already at the lowest thresholds, the SMAGO_500m
ensemble consistently outperforms the others in terms of spatial overlap with
observations, with several members achieving values close to 40% of good
spatial overlapping. This indicates that finer spatial resolution, coupled with
more physically detailed turbulence parameterization, allows the model to
better capture the spatial patterns of precipitation. Only a few low-resolution
members, specifically m9 and m10, match or slightly exceed the SMAGO_500m
performance at higher thresholds, though this appears to be more the exception
than the rule.

Particularly noteworthy is the behaviour of member m2, which stands out
across all configurations. This member demonstrates a superior ability to repli-
cate the event dynamics, including the convergence of low-level winds and
the subsequent organization of convective activity. Its Overlap Ratio remains
comparatively high even as the precipitation threshold increases, especially
within the two high-resolution ensembles. While most members show a sharp
decline in overlap beyond the 40 mm threshold, often dropping below 10%
and approaching zero at 80 mm and 100 mm, m2 retains non-negligible agree-
ment with the observations, suggesting a more realistic simulation of localized
intense precipitation. These results highlight not only the added value of in-
creased spatial resolution, but also the importance of ensemble diversity and
member-specific performance in capturing extreme weather features. Metrics
like the Overlap Ratio provide a practical and interpretable means of diagnosing
such behaviour and can be complemented by more sophisticated object-based
verification approaches such as the SAL metrics (e.g., Wernli et al., 2008) that
was adopt in chapter 4.3 to further understand structural differences between
modelled and observed fields.
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Figure 4.9: Overlap ratio between forecasted and observed total precipitation
field for varying threshold and ensemble member. The three ensembles are
compared.

4.3.3 SAL score

To better understand how ensemble and model performance depend on the
intensity of precipitation, the SAL score (Wernli et al., 2008) was computed for
six key 24h total precipitation thresholds: 10, 20, 40, 60, 80, and 100 mm (Fig-
ures 4.10–4.15). The SAL metric provides a comprehensive evaluation of spatial
precipitation fields by decomposing model errors into three complementary
components. The Amplitude (A) term measures domain-averaged differences
in total precipitation amount between the forecast and the observation, indicat-
ing whether the model systematically overestimates or underestimates rainfall.
The Structure (S) component quantifies how the internal organization of pre-
cipitation differs, describing whether simulated precipitation objects are too
peaked or too flat compared to observations. Finally, the Location (L) term
assesses the spatial displacement between observed and simulated precipita-
tion features, combining both the distance between the centers of mass and the
relative distribution of objects within each field.
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Each component ranges from -2 to 2 (for A and S) and from 0 to 1 (for
L), with zero representing a perfect match between model and observation.
In the SAL diagrams shown in the following pictures, the grey boxes denote
the Interquartile Range (IQR) range of the ensembles for the A and S values,
providing a measure of spread and uncertainty among members, while the
dotted lines mark the median values of the corresponding A and S components.
The colour of the dotted lines represents the corresponding median of the L
component, thus allowing a compact visualization of the SAL information on a
two-dimensional plane.

• 10 mm threshold (Figure 4.10):

– All ensemble members, from every model configuration, are able to
simulate objects above the 10 mm threshold.

– The ensemble spread is large for all configurations, especially for
S and A. This reflects substantial variability in how widespread,
moderate precipitation is organized and quantified.

– Members from the LOWRES ensemble tend to systematically under-
estimate both the structure and intensity of precipitation, leading
to more negative values, and confirming a tendency for the low-
resolution model to produce precipitation fields that are too diffuse
and weak at this threshold.

– COSMO_tke and SMAGO_500m ensembles already show some im-
provement: their members often cluster closer to the origin in SAL
space, and some achieve lower L scores, indicating better spatial
agreement with observations.

– This highlights that at low thresholds, while all models can reproduce
moderate precipitation, high-resolution and advanced turbulence
schemes already offer a modest advantage in representing the struc-
ture and spatial distribution of rainfall.

• 20 mm threshold (Figure 4.11):

– At this slightly higher threshold, ensemble members from all config-
urations are still generally capable of capturing precipitation objects,
but differences in performance begin to emerge more clearly.
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– LOWRES continues to exhibit consistently negative S and A values,
indicating an underestimation of both structure and intensity. Many
members fall outside the shaded area representing the IQR.

– COSMO_tke and SMAGO_500m show tighter clustering of points
near the origin, particularly in A, suggesting improved representa-
tion of precipitation amount.

– The L values remain lower in the high-resolution ensembles, confirm-
ing more accurate placement of rainfall features.

• 40 mm threshold (Figure 4.12):

– As the threshold increases further, fewer LOWRES members are able
to simulate precipitation objects above 40 mm. The remaining points
show increasingly poor SAL performance, especially in A.

– COSMO_tke and SMAGO_500m retain a higher proportion of skillful
members, with many falling within or close to the IQR zone in the
SAL plots.

– The S and A values continue to be better balanced, especially for
the ensemble SMAGO_500m, which shows a particularly compact
distribution around (0, 0).

– L scores remain consistently better in the high-resolution setup, sug-
gesting that the enhanced grid spacing and turbulence representation
support better placement of the precipitation features.

• 60 mm threshold (Figure 4.13):

– As the threshold increases, the number of members able to simulate
objects above 60 mm declines, with the LOWRES ensemble being
most affected: very few of its members reach this intensity, reflecting
a lack of skill for intense convective rainfall.

– COSMO_tke and especially SMAGO_500m retain a greater number
of skillful members at this threshold. These members often cluster
more tightly around (S, A) = (0, 0), showing an improved ability to
reproduce both the structure and amount of heavier precipitation.

– The L scores are generally lower for COSMO_tke and SMAGO_500m
members, indicating improved accuracy in the spatial placement of
the most significant precipitation features.
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– The IQR box narrows for all SAL components, particularly in the
high-resolution ensembles, while differences between the three mod-
elling approaches become more distinct and apparent.

• 80 mm threshold (Figure 4.14):

– At this threshold, the limitations of the LOWRES ensemble become
even more evident, with almost all members failing to simulate
objects above 80 mm.

– COSMO_tke continues to show a few skillful members, but the per-
formance gap with SMAGO_500m becomes more pronounced.

– SMAGO_500m members show a tight cluster near the skillful region,
with several points maintaining near-zero or physically plausible S
and A values, and some of the lowest L values across all configura-
tions.

– The 80 mm threshold serves as a prelude to the most extreme events,
showing a drastic reduction in ensemble skill across all models except
SMAGO_500m.

• 100 mm threshold (Figure 4.15):

– At this extreme threshold, only a select few members, almost exclu-
sively from SMAGO_500m, and to a lesser extent COSMO_tke, are
able to simulate precipitation objects above 100 mm.

– These high-resolution members maintain S and A values close to
zero, or within a physically plausible range, indicating a realistic
simulation of both the structure and magnitude of extreme rainfall.

– Their L scores are among the lowest of all, reflecting a high degree
of spatial accuracy in placing extreme precipitation features in close
agreement with observations

– LOWRES ensemble members virtually never reach this threshold,
and if they do, their scores tend to be poor across all SAL components.

– The spread among high-resolution members is still present, revealing
the ongoing unpredictability inherent in convective extremes, but
the median skill and frequency of accurate forecasts is far superior in
SMAGO_500m and COSMO_tke compared to LOWRES.
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Taken together, these results highlight that increasing the precipitation
threshold may expose more clearly the differences in skill between the three
modelling approaches. While all ensembles show similar but good skill at low
thresholds, it is at the highest thresholds that the benefits of high resolution
and improved physical schemes, especially as implemented in SMAGO_500m,
become more evident. Advanced configurations not only better capture the
amount and structure of precipitation, but also its precise location, as quantified
by this metric.

This validation underscores the importance of both model sophistication
and ensemble diversity for forecasting convective extremes, and illustrates
the diagnostic power of object-based verification approaches such as SAL for
evaluating these challenging weather events.

Threshold LOWRES COSMO_tke SMAGO_500m Comment

10 mm All members;
large spread;
S, A ≪ 0

Spread
lower; some
near origin

Clustered;
better L

All models capture mod-
erate rain; high-resolution
(HR) configs already im-
prove structure and location

20 mm Most mem-
bers; S, A
still negative

Tighter clus-
ter in A; bet-
ter L

Near (0,0);
better consis-
tency

Early divergence; HR mod-
els begin outperforming
LOWRES

40 mm Few mem-
bers skillful

Some skillful;
A variable

Compact
near (0,0)

HR members reproduce
heavy rain better; LOWRES
degrades

60 mm Very few
reach thresh-
old; poor
SAL

Mixed; some
near origin

Many skill-
ful; good L

Major performance gap
emerges in favor of HR
models

80 mm Almost all
fail; very
poor scores

Few pass;
high spread

Tight cluster;
low L

Only HR members simu-
late intense precipitation
correctly

100 mm None or
poor scores

Very few suc-
ceed

Select mem-
bers with
good SAL

Only SMAGO_500m consis-
tently simulates extremes re-
alistically

Table 4.1: Summary of ensemble performance across different precipitation
thresholds using SAL score analysis. HR = High Resolution.
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Figure 4.10: SAL scores for the three different ensembles, LOWRES (a),
COSMO_tke (b), SMAGO_500m (c), at 10 mm threshold. The grey box repre-
sents the interquartile range. Dotted lines represent the median values of A and
S, their colour shows the corresponding median value of L, also pointed out by
the black line into the L colorbar.
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Figure 4.11: Same as figure 4.10 but for the 20 mm total precipitation threshold.
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Figure 4.12: Same as figure 4.10 but for the 40 mm total precipitation threshold.
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Figure 4.13: Same as figure 4.10 but for the 60 mm total precipitation threshold.
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Figure 4.14: Same as figure 4.10 but for the 80 mm total precipitation threshold.
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Figure 4.15: Same as figure 4.10 but for the 100 mm total precipitation threshold.
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4.4 Final considerations and summary

In this first part, the efforts focused on analysing a remarkable extreme precipi-
tation event that struck central Italy in September 2022, leading to devastating
floods and significant economic and human losses. The aim was to investigate
the potential and the limitations of current numerical weather prediction sys-
tems in representing such high-impact convective events, especially in regions
characterized by complex topography and intricate atmospheric dynamics.

The comparison between operational models, such as the IFS, revealed
substantial shortcomings in both the intensity and spatial accuracy of predicted
precipitation. Although this model was able to broadly identify areas at risk,
it struggled in capturing the precise location of the heaviest rainfall. This
study highlighted three main factors underlying these limitations: insufficient
horizontal resolution, inadequacies in the parameterization of turbulence, and
a pronounced sensitivity to initial and boundary conditions.

By employing high-resolution sensitivity experiments and ensemble sim-
ulations with the ICON model, this work demonstrates that moving towards
hectometric grid spacings (sub-kilometer) results in a significant step forward
in the simulation of convective processes. This approach enables a more explicit
representation of small-scale turbulence, complex microphysical interactions,
and the critical effects of orographic forcing, factors that proved decisive for
accurately reproducing the observed precipitation patterns during the Marche
flood event.

Ensemble analysis further clarified the crucial role of initial and boundary
conditions. Only a limited subset of ensemble members was able to realistically
simulate the key atmospheric processes driving the event, especially the low-
level convergence between moist Mediterranean air and the intrusion of drier,
cooler air from northern Europe. Notably, one particular ensemble member
(m2) consistently performed best, accurately reproducing wind convergence
patterns and the subsequent convective evolution. This finding underscores the
importance of not only model resolution and physics, but also the accuracy of IC
and LBC perturbations for the prediction of localized, high-impact convective
events.

A key insight also emerged from the comparison of turbulence parame-
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terizations. The adoption of the three-dimensional Smagorinsky closure at
hectometric scales, as opposed to the more traditional one-dimensional TKE
closure scheme, led to appreciable improvements in both the spatial distribution
and intensity of simulated precipitation, especially in regions where orographic
effects and local circulations play a dominant role.

Ultimately, still looking at the SAL scores, it is possible to notice that the
spread, quantified by the interquartile range, appears rather limited for the
COSMO_tke ensemble. In particular, only one member (m2) shows very good
skill at higher thresholds. These aspects suggest that the improvement mainly
results from the increase in resolution, without any concurrent refinement in the
physical parameterizations. Still, a noticeable gain in performance is already
achieved at this stage, indicating that resolution alone can bring a clear benefit
in reproducing the observed precipitation structures.

On the other hand, the SMAGO_500m ensemble, where the treatment of
turbulent processes has been significantly improved, shows a larger spread,
with several members starting to perform similarly to m2. This behavior in-
dicates that the model now manages to represent uncertainty within a more
physically consistent and stable configuration. In other words, the ensemble
appears to have entered a new region of the phase space, where variability and
uncertainty are better captured and distributed among the members, leading to
a more realistic ensemble representation.
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5 Impact of microphysics
perturbations

During my stay in Karlsruhe in Spring 2025, I worked with the microphysics
group of the Institute of Meteorology and Climate Research (IMKTRO) of the
KIT headed by Professor Corinna Hoose. Specifically, my work encountered
the collaboration of Dr. Christian Barthlott with whom we explored the po-
tential of the ICON model release 2024.10 (ICON partnership, 2024) at very
high resolution using microphysics perturbations. Indeed, starting from the
Italian Marche flooding we decided to do some preliminary test on the Horeka
supercomputer from the KIT. Following Barthlott’s findings on microphysics
perturbations regarding the effect on the forecasting of hail and deep convective
storms (Barthlott et al., 2024), we wondered if it could be useful to focus on
perturbing initial conditions, microphysics parameters, and turbulence schemes.
The final choice was to produce a larger ensemble than the ones done in Bologna,
exploiting ICON’s initial and boundary conditions and analysing the role of
microphysics perturbations. These perturbations were then only applicable if
the double-moment microphysics scheme was activated, that is an advanced
representation of how hydrometeors form into convective and in general pre-
cipitating clouds. In the next paragraph the preliminary tests are shown, carried
out first of all by selecting the same high-resolution nested domains analysed
in the first part of this thesis.

This first step was crucial: indeed, when using another HPC infrastructure,
it is difficult to obtain the same results as obtained when using the DIFA OPH
cluster in Bologna, because of the different configurations and packages, that
can lead to very different output even if the version of the model being used
is the same. To overcome this issue and in order to have more robust initial
conditions without going through the process of remapping when running the
new ensembles with the 2-MOM microphysics scheme, it was decided to exploit
directly the initial and boundary conditions from the 6.5 km ICON-EU grid.

93
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The new ensemble then returned very interesting and exciting results, show-
ing how the role of microphysics parameters is essential when it comes to
forecasting of extreme and unpredictable storms, especially in areas charac-
terized by very complex orography. Then, to continue the comparison a new
case-study for the German territory was selected to test the high-resolution
ensemble approach with the same nesting technique and microphysics per-
turbations. With surprise, a match was discovered between the Italian and
German case study regarding the members that produced the most reliable fore-
casts compared to the observations. Indeed, even though the two case studies
were quite different in total precipitation, production of hail and persistence,
both of them were characterized by strong convergence and deep convection
over complex and mountainous territories, implying that high-resolution down
to hectometric scale combined to a good representation of the characteristics
of shape, dimensions and numbers of hydrometeors is essential to produce
appropriate forecasts.

5.1 2-MOM microphysics scheme

In cloud-resolving models, the representation of microphysical processes is
crucial for the accurate simulation of convective systems, especially in cases
of intense precipitation. Many microphysical interactions depend nonlinearly
on the size of hydrometeors, yet traditional bulk schemes often rely solely on
prognostic equations for mass mixing ratios. In such single-moment approaches,
the particle size is implicitly assumed to be tied to the total mass content, which
can be a limiting approximation, particularly in rapidly evolving convective
environments.

To overcome this limitation, double-moment schemes have been developed,
in which both the mass mixing ratio and the number concentration of each
hydrometeor category are predicted. These two quantities correspond to the
zeroth and first moments of the particle size distribution, providing a more
complete statistical description of cloud and precipitation particles (Morrison
et al., 2009; Seifert & Beheng, 2006). In particular, knowing the number concen-
tration allows the model to explicitly resolve variations in mean particle size
independently of the total mass, which is essential for realistically simulating
processes such as sedimentation, collection, and phase changes.
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The ICON model includes such a double-moment microphysics option,
which prognoses both specific mass and number concentrations for six hydrom-
eteor classes: cloud water, rain water, cloud ice, snow, graupel, and hail. This
level of detail is particularly beneficial at convection-permitting or convection-
resolving resolutions (that is, grid spacings < 3 km), where the model dynamics
can explicitly resolve the strong updrafts required for the formation and growth
of graupel and hail.

Given the complexity of the scheme, it incorporates parameterizations for nu-
cleation processes (e.g., activation of cloud condensation nuclei and ice nuclei),
particle geometry, fall speeds, and size-dependent microphysical interactions.
However, it is important to note that many of these settings are hard-coded
in the current ICON implementation and cannot be modified via the user
namelists, thus requiring code-level customization for sensitivity experiments.
Recent studies, moreover, compare the results of high-resolution simulations
carried out with the two schemes, sometimes showing the better performance
of the 2-MOM when it comes to very high-resolution runs (at scales lower than
1 km) in capturing the correct timing, localization and extension of convective
storms (Barthlott et al., 2024).

The choice of this scheme, selected for the following tests and simulations,
is motivated by its ability to realistically represent the evolution of deep convec-
tive cores and associated precipitation structures, particularly those involving
graupel and hail. The improved representation of particle size distributions
and associated processes is expected to enhance the realism of the simulated
storm structure and precipitation intensity, especially when compared to more
traditional single-moment approaches.

5.2 Italian ensemble

Under these assumptions, the study restarted from the storm that caused the
flooding in the Marche region in September 2022 that has been analysed in the
first part of the work. After implementing the same setup of the SMAGO_500m
high-resolution ensemble, that is the one with the Smagorinsky scheme ac-
tivated at 550 m resolution, 4 different parameters were perturbed defining
the cloud hydrometeors dimensions and accretion processes, such as the Ice
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Nucleation Particle density (INP), the amount of Cloud Condensation Nuclei
(CCN), the Shape parameter of the particle size distribution (NU) and the grau-
pel sedimentation velocity (GR), as reported in the following table, leading to a
total number of 36 ensemble members. For instance, when the scaling factor
is lower than 1 for GR, it means that the graupel particle falls slower than the
standard behaviour of the scheme used in the model, thus staying longer in
the cloud; the opposite if the factor is greater than 1. The simulations were
done on the HoreKa supercomputer of the KIT university and no changes to
the ICs and LBCs taken from ICON-EU were applied, but only the mentioned
key microphysical parameters were perturbed.

Parameter Low Medium High

INP (Ice Nucleating Particles) 0.1 1 10
CCN (Cloud Condensation Nuclei) 6 8 –
NU (Shape parameter of PSD) – 1 4
GR (Graupel sedimentation velocity) 0.3 1 1.7

Table 5.1: Adimensional factors for the perturbed microphysical parameters
used in the 2-MOM Italian ensemble experiment at 550 m resolution. INP and
CCN represent scaling factors for particle number concentrations (for CCN
there are 4 values: 6 clean maritime air, 7 intermediate, 8 continental, 9 polluted),
NU defines the shape parameter of the hydrometeor particle size distribution,
and GR is a scaling factor that modifies the velocity of graupel sedimentation.
The full ensemble consists of all possible combinations of these values (total of
36 members).

As shown in Figure 5.1, the ensemble simulation reported useful insights
about the total precipitation field that affected the flooded region, especially
considering the ensemble mean and the 99th percentile, which shows cumulated
values higher than 200 mm. The observing precipitation network reported
extended bands over 200 mm with peaks of 400 mm between Umbria and
Marche (shown in Figure 3.3). Moreover, it can be noticed that the members
better reproducing the precipitating pattern were those characterized by low
CCN values and low INP concentrations (members 19-30) as shown in table 5.2.
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# CCN INP GR NU
1 8 1 1.0 1
2 8 1 0.3 1
3 8 1 1.7 1
4 8 1 1.0 4
5 8 1 0.3 4
6 8 1 1.7 4
7 8 0.1 1.0 1
8 8 0.1 0.3 1
9 8 0.1 1.7 1

10 8 0.1 1.0 4
11 8 0.1 0.3 4
12 8 0.1 1.7 4
13 8 10 1.0 1
14 8 10 0.3 1
15 8 10 1.7 1
16 8 10 1.0 4
17 8 10 0.3 4
18 8 10 1.7 4
19 6 1 1.0 1
20 6 1 0.3 1
21 6 1 1.7 1
22 6 1 1.0 4
23 6 1 0.3 4
24 6 1 1.7 4
25 6 0.1 1.0 1
26 6 0.1 0.3 1
27 6 0.1 1.7 1
28 6 0.1 1.0 4
29 6 0.1 0.3 4
30 6 0.1 1.7 4
31 6 10 1.0 1
32 6 10 0.3 1
33 6 10 1.7 1
34 6 10 1.0 4
35 6 10 0.3 4
36 6 10 1.7 4

Table 5.2: List of microphysics ensemble members and corresponding 2-MOM
microphysical parameter values.
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Figure 5.1: Ensemble statistics of the 36-members ensemble for the Marche
flooding that happened on 15th September 2022.

5.2.1 Member analysis

During the analysis of the high-resolution microphysics-perturbed ensemble,
several members clearly stood out for their skill in reproducing both the total
rainfall and the spatial structure of the September 2022 Marche flood event. In
particular, Figures 5.2, 5.3 and 5.4 display the simulated precipitation fields
from members m19 to 30, those which most closely matched the observed event,
both in terms of accumulated rainfall and the spatial pattern of the convective
system.

When examining these 550 m resolution maps, the first thing that stands
out is that all these members succeed in capturing the main band of heavy
precipitation, with local maxima exceeding 200 mm in some of them, but with
a noticeable southward displacement compared to the observations. How-
ever, even among the best-performing members, there remain some systematic
discrepancies in the downwind (leeward) areas compared to observations.
Specifically, in the valleys east of the Apennine ridge, where the flooding was
most severe, the modelled precipitation maxima tend to be underestimated or
slightly misplaced, usually shifted a few kilometers inland. This highlights how,
even at hectometric resolution and with sophisticated microphysics, models
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still face challenges in capturing the persistence and precise location of the most
intense, stationary convective cells that are responsible for catastrophic impacts
in these complex terrains.

A closer look at the spatial distribution reveals that members m20, m23,
m26 and m29, for example, reproduce not only the main precipitation band but
also the structure of the characteristic V-shape storm of the observed rainfall.
These cases show a much greater spatial coherence and accuracy compared
to the majority of the other ensemble members, managing to represent both
the principal maximum and some of the smaller-scale features that are often
missed in standard forecasts. Another notable feature is the ability of these
ensemble members to simulate extreme rainfall totals that are very close to the
observed peaks. This suggests that, for certain combinations of microphysical
parameters (such as CCN, INP, shape parameter, and GR), the model is capable
of realistically simulating the growth and maintenance of the most intense
convective systems. Particularly impressive is the persistence of the simulated
precipitation bands over the same area for several hours, which successfully
captures the back-building, self-reinforcing nature of the actual event, a key
factor that contributed to its destructive impact.

A useful comparison can be made with member m2, originating from the
10-member ensemble experiment in which the initial and boundary conditions
were perturbed and driven by IFS data. Among that ensemble, m2 was the only
member that realistically reproduced the event, successfully capturing the main
convective band and the extreme rainfall over the flood-affected area. This
suggests that, under favorable initial conditions, the model can spontaneously
organize convection in a physically consistent way, even without microphysical
parameter perturbations. In contrast, the microphysics-perturbed ensemble
analysed here adopts a different strategy: all members share the same initial
and boundary conditions, derived from ICON-EU, and only the microphysical
parameters are varied. This setup naturally produces a more homogeneous
ensemble, in which most members capture the large-scale precipitation pattern,
but with varying accuracy in the spatial placement and leeward intensity of
the rainfall maxima. Interestingly, while m2’s realism primarily stems from
favorable dynamical initialization, the best-performing microphysics members
(m19-m30) achieve comparable skill through parameter-driven microphysical
diversity. The comparison highlights that both approaches, perturbing the ini-
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tial state or perturbing the microphysical scheme, can yield realistic outcomes,
but through distinct physical pathways. Moreover, the persistence of systematic
biases in the leeward areas across the microphysics ensemble indicates that,
even at hectometric resolution and with refined physics, accurately simulat-
ing moisture resupply and convective stationarity remains a major modelling
challenge in such complex orography.

In summary, the analysis of single members demonstrates that a high-
resolution ensemble with advanced microphysical perturbations can approach
the observed reality very closely, not just in rainfall totals but also in spatial
organization. Still, certain “hotspots” remain difficult to predict accurately,
emphasizing the importance of ensemble diversity, physical realism, and con-
tinual improvement in both microphysics and model resolution for reliable
forecasting of convective extremes. This analysis reinforces the idea that, while
model advances are steadily improving our ability to predict such events, the
combination of complex terrain, subtle atmospheric interactions, and the inher-
ent unpredictability of convection mean that some uncertainties will always
persist.

Figure 5.2: Ensemble members 19, 20, 21 and 22 from the microphysics Marche
ensemble
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Figure 5.3: Ensemble members 23, 24, 25, 26 from the microphysics Marche
ensemble

Figure 5.4: Ensemble members 27, 28, 29, 30 from the microphysics Marche
ensemble
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5.2.2 SAL analysis

The SAL score analysis was also extended to this 36-member high-resolution
Italian ensemble.

Figures 5.5–5.7 summarise the results for thresholds of 10, 20, 40, 60, 80, and
100 mm. As in the previous experiments, increasing the threshold progressively
filters out weaker precipitation features, focusing the evaluation on the model’s
ability to represent the most intense rainfall objects.

• Low thresholds (10 mm and 20 mm) (Figure 5.5):

– All 36 members produce precipitation objects above both thresholds,
resulting in dense point clouds in SAL space.

– The spread in S and A is relatively small compared to previous ensem-
bles (LOWRES, COSMO_tke, SMAGO_500m), with most members
clustered close to (S, A) ≈ (0.5, -0.5) at 10 mm, indicating a slight
tendency towards overly compact structures and a mild underesti-
mation of total rainfall.

– At 20 mm, the cluster moves closer to the origin, with S values
ranging from slightly negative to slightly positive, and A values still
mildly negative. This suggests improved balance between object size
and intensity when weaker precipitation areas are excluded.

– L scores are generally low (mostly below 0.2), indicating good spatial
alignment between simulated and observed precipitation features.

• Intermediate thresholds (40 mm and 60 mm) (Figure 5.6):

– As the threshold rises, fewer members retain precipitation objects
above the limit, but the ensemble maintains a coherent clustering in
SAL space.

– At 40 mm, S values tend to become slightly negative for several
members, reflecting a modest tendency to simulate more diffuse
objects compared to observations, while A remains close to zero for
many of the best members, indicating a good match in total amount
for intense cores.
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– The 60 mm threshold further narrows the ensemble spread, with the
best-performing members (e.g., m23, m26, m29, m30) lying close to
the origin in SAL space and showing low L scores, confirming their
skill in reproducing both the structure and location of heavy rainfall
bands.

– Members with higher L scores often correspond to spatial displace-
ments of only a few kilometres, which is within the typical uncer-
tainty range for convective systems in complex terrain.

• High thresholds (80 mm and 100 mm) (Figure 5.7):

– At these extreme thresholds, only a subset of the ensemble retains
precipitation objects, highlighting the difficulty of reproducing the
most intense convective peaks.

– At 80 mm, the spread in S increases slightly, with some members
(notably m23, m26, m29, m30) positioned close to (0, -1.5) in A, in-
dicating a moderate underestimation of amplitude despite realistic
structures. These members also maintain among the lowest L scores,
evidencing accurate spatial placement of the extreme rainfall max-
ima.

– At 100 mm, the number of members further decreases, with the
majority concentrated in the lower-left quadrant (negative S, strongly
negative A). This reveals that even in the most skillful members, the
highest observed peaks are generally underestimated, although their
spatial location remains well captured in a few cases.

– The persistence of low L values for certain members at these thresh-
olds underscores the role of microphysical parameter choices in con-
trolling both the magnitude and localization of extreme precipitation
objects.

Overall, also referring to table 5.3, it is possible to say that the 2-MOM
microphysics-perturbed ensemble shows less spread in SAL space at low and
intermediate thresholds compared to the initial condition–perturbed ensembles
analysed earlier. This suggests that, while microphysical variations signifi-
cantly affect the magnitude and structure of extreme precipitation, they do not
induce large variability in the positioning of rainfall objects as perturbations
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Threshold S A L Main notes

10 mm ↑ (compact) ↓ (slight) Low (< 0.2) All members active; cluster
near (0.5,−0.5); slight posi-
tive S, slight negative A; mi-
nor rainfall underestimation.

20 mm ≈ ↓ (slight) Low (< 0.2) Balanced S and A; closer
to origin; reduced spread
vs. 10 mm; better struc-
ture/intensity match.

40 mm ↓ (diffuse) ≈ to ↓ Low–moderate Fewer members above
threshold; best reproduce
rain bands realistically;
slight A underestimation.

60 mm ↓ ≈ Low Cluster near (S,A) ≈
(−0.8,−1.2); m23, m26, m29,
m30 with accurate L and
strong cores.

80 mm ≈ ↓ (strong) Low Only top members; structure
close to observed; amplitude
underestimated; accurate lo-
cation.

100 mm ↓ ↓ (strong) Low–moderate Very few exceed threshold;
most underestimate peaks;
some maintain good location;
higher L for weaker runs.

Table 5.3: Qualitative summary of SAL score tendencies for the 2-MOM Italian
ensemble at different precipitation thresholds. Arrows indicate tendency: ↑
overestimation, ↓ underestimation, ≈ close to observations.
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to the initial state. Nevertheless, the most skillful members at high thresh-
olds, often those with lower CCN and INP values, consistently achieve the
best compromise between S, A, and L, demonstrating the potential of targeted
microphysical tuning for improving the representation of severe convective
rainfall in high-resolution forecasts.
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Figure 5.5: SAL scores for the 10 mm and 20 mm thresholds for the 2-MOM
Italian ensemble. The grey box represents the interquartile range (IQR). Dotted
lines represent the median values of A and S, their colour shows the correspond-
ing median value of L, also pointed out by the black line into the L colorbar.
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Figure 5.6: Same as figure 5.5 but for the 40 mm and 60 mm precipitation
thresholds.
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Figure 5.7: Same as figure 5.5 but for the 80 mm and 100 mm precipitation
thresholds.
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5.3 German case study and the MOSES campaign

The Black Forest region, with its pronounced orography and strong land
–atmosphere coupling, has long been recognised as a hotspot for convective
storm development. Narrow valleys, forested slopes, and elevated plateaus
provide multiple triggering mechanisms for deep convection, while mesoscale
flow channeling often leads to rapid storm organisation and upscale growth. In
recent years, this area has become the natural laboratory for the Helmholtz initia-
tive Modular Observation Solutions for Earth Systems (MOSES), a research pro-
gramme designed to capture so-called “event chains” of hydro-meteorological
extremes from their atmospheric initiation through to surface impacts. MOSES
combines stationary observatories with mobile modules such as the KITcube
radar–lidar system, radiosonde launches, disdrometers, and hail sensors, al-
lowing researchers to follow convective storms in unprecedented spatial and
temporal detail (Kunz et al., 2022).

The Swabian MOSES campaigns in 2021 and 2023 specifically targeted the
southeastern Black Forest, the Neckar Valley, and the Swabian Alb, providing a
unique multi-institutional observational setup. Villingen-Schwenningen played
a central role as a deployment site for KITcube and a dense network of sup-
porting sensors, underlining its strategic location in a region where some of
the most damaging hailstorms in Germany have been observed (GFZ German
Research Centre for Geosciences, 2023; Helmholtz Centre for Environmental Re-
search (UFZ), 2023; Karlsruhe Institute of Technology, 2023). The 2021 campaign
demonstrated the exceptional variability and intensity of convective activity in
this area, with detailed case studies revealing the importance of orographic lift-
ing, boundary-layer processes, and aerosol conditions for storm initiation and
hail growth (Barthlott et al., 2024; Kunz et al., 2022). These insights emphasised
the Black Forest not only as a vulnerable region but also as an ideal testbed for
investigating how local forcing interacts with larger-scale dynamics to produce
severe weather.

Against this backdrop, the hailstorm of 14 August 2023 offers an interesting
case for further study. According to local observational evidence, the storm
peaked around late morning ( 11 UTC) and persisted for only a few hours, yet
it was capable of producing hail of large size over Villingen-Schwenningen and
surrounding areas. The short lived but highly damaging nature of this event
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makes it especially relevant in the MOSES framework, where the goal is to
capture rapid onset extremes with strong impacts on society and infrastructure.

5.3.1 A record year for hail

The year 2023 has been widely recognized as one of the most remarkable in
recent history for severe hailstorms across Europe. According to the European
Severe Storms Laboratory (ESSL), the number of very large hail reports (>5
cm) reached unprecedented levels, with several outbreaks producing giant
hail exceeding 10 cm in diameter (ESSL, 2023, 2024). Among the most striking
examples is the new European record, with a hailstone of 19 cm measured in
Azzano Decimo, northern Italy, on 24 July 2023 (The Guardian, 2023; Willis
Towers Watson, 2024). Other remarkable events occurred in Slovenia, Croatia,
and Austria, where long-lived supercells generated destructive hail swaths
with significant societal and economic impacts (Severe Weather Europe, 2023).

Germany was also severely affected during the summer of 2023, with mul-
tiple outbreaks striking Bavaria, Baden-Württemberg, and parts of central
Germany. Several events produced hailstones of 5–8 cm and extensive swaths
of damage to cars, buildings, and crops, with insured losses running into bil-
lions of euros (ESSL, 2023). These cases further underline Germany’s exposure
to organized convective systems and its relevance as a natural laboratory for
studying hail processes in complex terrain, particularly in regions like the Black
Forest and the Swabian Jura.

This unusual clustering of extreme hail events highlights both the vulnera-
bility of central and southern Europe to convective hazards and the possible
role of climate variability and change in shaping their frequency and intensity.
The concentration of high-end hailstorms within a single summer has raised
attention not only in the scientific community, but also in the insurance and
risk-management sectors, where record-breaking losses were reported. In this
context, the Swabian-Jura hailstorm of 14 August 2023, analysed in this study,
should be viewed as part of a broader pattern of extraordinary convective
activity during the summer of 2023.
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5.3.2 Observation and description of the event

Figure 5.8 shows the 24-hour accumulated precipitation observed on 14 August
2023 during the Swabian-Jura hailstorm case. The precipitation field reveals a
set of well-defined convective cores rather than a widespread mesoscale struc-
ture. The most intense rainfall is concentrated in two main nuclei: one located
southwest of the Swabian Jura, with peak accumulations exceeding 60 mm,
and another smaller but still distinct core further north. These convective cells
are elongated along a southwest–northeast axis, consistent with the prevailing
low-level convergence lines reported by the observational network.

Unlike the Marche flood event of September 2022, this case was character-
ized by a much shorter duration: convection developed rapidly during late
morning and decayed after only a few hours, with no evidence of the long-lived,
back-building structures that sustained the Italian event. Consequently, the
overall precipitation amounts are more limited, rarely surpassing 60 mm, and
the spatial footprint of the storm system is narrower. Nonetheless, the sharp
gradients between convective maxima and surrounding low-precipitation ar-
eas highlight the highly localized impact typical of severe thunderstorms in
complex terrain.

Complementary evidence from the MOSES field campaign (Handwerker
et al., 2025) provides further insights into the dynamical and microphysical
characteristics of the storm. Doppler lidar and GNSS measurements near
Villingen-Schwenningen documented the development of a pronounced lee-
side convergence zone east of the Black Forest, consistent with the triggering of
deep convection by low-level flow splitting around the mountain ridge. Storm
chasing teams deployed mobile probes and swarmsondes in the vicinity of
the storm, capturing updrafts exceeding 20–30 m s−1 and detecting hail at the
surface, even though mostly of small to medium size. Two targeted radiosonde
launches confirmed a highly unstable environment, with elevated CAPE and
relatively weak convective inhibition, supporting rapid convective initiation.

Radar data from the RADOLAN system of the German Weather Service
DWD, which combines radar measurements with ground-based rain gauge
observations to provide high-resolution precipitation estimates, confirmed the
presence of compact but intense reflectivity cores, consistent with the observed
localized precipitation maxima. The observed pattern confirms that while the
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event did not reach catastrophic rainfall totals, it remains meteorologically
significant: strong wind convergence and intense but short-lived updrafts led
to efficient precipitation production within a confined region. This illustrates a
key contrast with the Marche case: here, predictability hinges not on prolonged
organization of convection, but on correctly capturing the triggering and rapid
intensification of isolated convective cells over an orographically sensitive area
leading to relatively high hail production.

Figure 5.8: 24h Observed total precipitation from 14/08/2023 00:00 UTC to
15/08/2023 00:00 UTC as retrieved from the RADOLAN network.

5.3.3 German ensemble setup

To assess the role of microphysics in a different environment, another ensemble
simulation with 36 member was produced. Here the case of the Villingen-
Schwenningen hail event that took place on 14th august 2023 as reported in
paragraph 5.3 is analysed.

As for the Italian microphysics ensemble, the same perturbation setup was
adopted, by using the 2-MOM microphysics scheme that better describes the
coalescence, formation and production of hydrometeors, especially hail. As
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always, starting from a 2.2 km horizontal domain represented by all Germany
and some neighbouring countries (that is the ICON-D2 domain used for opera-
tional forecasting at DWD), then applied the double nesting at 1.1 km and 550
m horizontal resolution respectively for the smaller domain. Also in this case,
it was tricky to find the right way to cut the nested domain as in the southern
part the Alps mountain range covers a large portion of the area (Figure 5.9).

Figure 5.9: Domains of the german case simulations.

Then, it was adopted the same configuration used for the Italian case for
most of the variables (see table A.1). In particular, the Smagorinsky turbulence
scheme was selected for the smaller domain following the previous results
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showing the goodness of this turbulence scheme for higher resolution domain.

Still, the same parameters as for the Italian case regarding the microphysics,
that are CCN concentrations, INP, NU parameter and GR were perturbed as
shown in table 5.1. Thus, as a first analysis here maps showing ensemble
mean, spread and, again 10th and 99th percentile of the total precipitation are
produced. They are reported in Figure 5.10.

5.3.4 Ensemble analysis

At first sight, we can observe the different nature of the event: compared to
the Marche case, the Villingen-Schwenningen storm system is clearly more
localized, both in space and in intensity. This is well captured by the ensemble
results shown in Figure 5.10. The ensemble mean (top left panel) exhibits
a relatively weak and spatially limited precipitation signal, with most grid
points showing values below 10 mm. This reflects the short-lived and isolated
nature of the observed convective cells, which do not appear as persistent or
widespread systems within the ensemble mean field.

Figure 5.10: Ensemble statistics of the 36-members ensemble for the Villingen-
Schwenningen hail event that happened on 14th august 2023.

The 10th percentile (top right panel) confirms this, as it shows very little
precipitation across the entire domain. This suggests that in a significant portion
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of ensemble members, the convection remained weak, consistent with the idea
that the predictability of such events hinges on the correct simulation of local
triggering mechanisms and small-scale convergence zones. Anyway, it seems
that many members reproduced the hail cores, but few with the correct high
intensity.

The spread (bottom left panel) highlights this uncertainty: although low
in absolute terms, it is concentrated over the same regions where observed
precipitation was most intense (see Figure 5.8), suggesting a high sensitivity to
small perturbations in microphysical or dynamical processes. This is typical of
highly convective and terrain-sensitive scenarios, where slight shifts in storm
position or intensity can lead to markedly different rainfall outcomes.

Interestingly, the 99th percentile (bottom right panel) reveals that some mem-
bers do indeed produce localized maxima that closely resemble the observed
convective cores, especially near Schwenningen and north of Stuttgart, in both
shape and intensity. In those areas, maximum values exceed 60 mm, in line with
the observations. However, these high-precipitation members are rare and tend
to overestimate spatial coverage when convection is triggered too aggressively.
Nonetheless, this indicates that the model, when properly initialized and under
favorable perturbation combinations, is capable of capturing the event’s key
features, especially the intense but short-lived nature of the rainfall.

Overall, these results underline a fundamental contrast with the Marche
case: while that event was characterized by a large, persistent convective
structure with a strong mesoscale organization, here we deal with small-scale,
rapidly developing cells whose predictability relies more on precise timing
and local convergence than on synoptic-scale dynamics. As such, traditional
diagnostics such as total precipitation may not be sufficient to evaluate ensemble
performance.

Given the observed high spatial variability and the importance of micro-
physical interactions in modulating hail production, in the following section
you can find the analysis of microphysical process rates. In particular, there
will be a focus on the processes related to hail formation and growth, such
as accretion, riming and freezing, to understand which ensemble members
exhibit stronger hail-related microphysics, and whether these correlate with the
precipitation extremes seen in the 99th percentile. This process-level analysis
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is crucial to explain why only some members correctly captured the intense
localized precipitation while others failed to initiate convection altogether. It
also provides insight into the specific role played by the perturbed parameters
in the two-moment scheme, especially CCN and INP concentrations, which
may influence hydrometeor size distributions and phase transitions critical to
hail generation.

5.3.5 Domain-averaged microphysical processes

To further investigate the internal structure and physical drivers of the ensemble
precipitation variability, the domain-averaged microphysical tendencies asso-
ciated with hail growth and phase transitions are analysed. Figures 5.11, 5.12,
5.13, 5.14, and 5.15 show the evolution throughout 14 August 2023 of hail, grau-
pel, and several relevant process rates, each averaged over the high-resolution
(500 m) domain for all ensemble members.

Figure 5.11 reveals substantial inter-member variability in hail production.
While many members produce negligible amounts, others (notably in groups
19–27 and 28–36) reach domain-mean values exceeding 0.2 mm. These members
correspond closely to those responsible for the local maxima seen in the 99th
percentile precipitation map (Figure 5.10), suggesting that they correctly cap-
tured the convective cores associated with hail. Moreover, their curves show a
coherent and simultaneous onset of hail around 11 UTC, followed by a plateau
or moderate increase, indicating not only more intense convection but also a
realistic timing and limited duration, in agreement with observations.

The graupel accumulation (Figure 5.12) shows a similarly wide spread,
though the relationship to hail is not always direct. In some limited cases
graupel patterns weakly differ from hail production, indicating that convection
did occur but followed a different microphysical pathway. This may be due
to weaker updrafts, limited riming efficiency, or thermodynamic profiles that
favoured the growth of graupel instead of hailstones.

The key process of hail growth, riming of supercooled droplets onto hail
(‘∆qh rf‘), is shown in Figure 5.13. Interestingly, members with higher hail
accumulation exhibit markedly weaker riming rates, but still with increases
between 11 and 13 UTC. This behaviour likely reflects the nature of the convec-
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tive dynamics rather than a weaker riming process. In these members, intense
but spatially confined updrafts promoted rapid growth of a limited number of
hail embryos, resulting in an efficient conversion of supercooled liquid water
into hail within narrow cores. Consequently, the riming process was highly
effective locally but less widespread, leading to lower mean riming values when
averaged over the domain. Moreover, once large hail particles formed, their
subsequent growth may have proceeded mainly through accretion and freez-
ing of raindrops, rather than by continuous riming of cloud droplets, further
reducing the overall riming signal.

Importantly, these members also show a synchronous onset of riming, which
matches both the observational timeline and the structure of the simulated hail
fields. This suggests that the best-performing ensemble members not only
captured the right physical mechanisms, but also reproduced the temporal
evolution of the event correctly. After this initial burst, riming tends to stabilize,
with a modest secondary peak around 23 UTC in a few members, probably
linked to isolated late convective cells.

At the same time, the nucleation of ice (Figure 5.14) show a similar pattern as
for the riming process. Almost all members show a gradual, sustained increase
throughout the day, indicating that the initial seeding of ice crystals is not
a limiting factor in this case. This uniformity also suggests that differences
in INP concentrations alone do not explain the variability in hail production.
Rather, it is the interaction of those early ice particles with localized updrafts
and supercooled water that determines the eventual hail outcome. Anyway, the
same members reporting elevated hail accumulation values, are cheracterised
by low nucleation rates. This again points to a more localized and efficient
microphysical pathway, where intense but confined convective cores rapidly
activate and grow a limited number of ice particles. In this context, the lower
average nucleation simply reflects a more focused initiation process consistent
with the concentrated riming and hail growth previously discussed.

Lastly, the melting of cloud water (Figure 5.15) is weak and relatively uni-
form across the ensemble. These low values suggest that melting played a
marginal role in this event, contributing mostly to stratiform rain or drizzle, but
not affecting the convective hail dynamics directly.

In summary, this analysis confirms that there was a fraction of ensemble
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members which simulated quite well the full chain of microphysical processes
required for hail production, from ice nucleation to riming and sustained con-
vective organization. Crucially, the best-performing members are also those
showing the most realistic timing of initiation, intensity and duration of the
event. This highlights that process-level metrics can offer valuable insight into
ensemble skill for highly localized convective phenomena, complementing
traditional metrics based on precipitation amount or spatial patterns.

5.4 Comments on the correlation between the two

events

An important indication of potential generalizability emerges from the compar-
ison between the Italian flood and the German hail case. Despite their different
synoptic and hazard characteristics, both cases exhibit a consistent sensitivity to
microphysical configurations, with ensemble members characterized by lower
CCN and INP concentrations performing better against observations. This
suggests that some microphysical controls may exert a systematic influence
across different convective regimes, although their impact remains modulated
by environmental conditions and storm type.
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Figure 5.11: Domain-averaged cumulative hail precipitation [mm] for each
ensemble member.
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Figure 5.12: Domain-averaged cumulative graupel [mm] for each ensemble
member.
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Figure 5.13: Domain-averaged riming rate on hail particles (kg/kg/s) for each
ensemble member.
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Figure 5.14: Domain-averaged nucleation rate from cloud water to ice (kg/kg/s)
for each ensemble member.
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Figure 5.15: Domain-averaged melting rate of cloud water (kg/kg/s) for each
ensemble member.
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6 Conclusion and future
perspectives

Forecasting extreme convective precipitation remains one of the grand chal-
lenges of atmospheric science and operational meteorology. As climate change
is expected to intensify the frequency and impact of short-lived but devastating
events such as flash floods and large hailstorms, the ability to anticipate their
onset, evolution, and consequences becomes ever more critical. This thesis
has explored the potential and limitations of high-resolution NWP using the
ICON model, with a particular focus on hectometric-scale simulations and
ensemble design. Two contrasting case studies, the catastrophic September
2022 flood in the Marche region of Italy and the localized hailstorm over Villin-
gen–Schwenningen in August 2023, provided a fertile ground to test model
resolution, turbulence and microphysics schemes, and different ensemble gen-
eration strategies.

The work presented here allows to draw several major conclusions that
could help improve the scientific research towards better initialization and
simulation of severe and unpredictable convective storms that can impact
society in multiple ways.

6.1 The dominance of IC/LBC uncertainty

One of the clearest outcomes of this thesis is that the predictability of extreme
convective events is still fundamentally constrained by the uncertainty in the
initial and boundary conditions. Even with hectometric grid spacings, turbu-
lence closures tuned to resolve small-scale mixing, and advanced microphysical
schemes, the forecasts remain strongly dependent on whether the large-scale
and mesoscale precursors of the event are correctly represented in the initial
state (Buizza et al., 1999; Richardson, 2000; Selz & Craig, 2015).

125
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This behaviour is well illustrated by the September 2022 Marche flood.
In this case, most ECMWF ensemble members provided ICs and BCs that,
once tuned for the nested ensemble simulations, struggled in capturing the
sharp inland convergence zone that triggered the back-building convection.
However, one member, namely m2, deviated significantly from the ensemble
mean and happened to capture a stronger and more realistic precipitation
pattern. The resulting 550 m nested forecast displayed a striking resemblance
to the observed event: the position of the convergence line, the persistence
of convective regeneration, and the intensity of the accumulated rainfall all
aligned closely with radar and rain-gauge observations.

This example underscores a key message: hectometric resolution alone
is not a guarantee of forecast success. Instead, the combination of ensemble
diversity at the IC level and physical realism at the hectometric scale determines
whether a forecast can reproduce an extreme event. In other words, the “raw
material” provided by the initial state must already contain the seeds of the
correct mesoscale evolution; the high-resolution nesting then acts to refine
and amplify this signal, translating it into realistic convective structures and
rainfall patterns. This is consistent with previous findings that convective-scale
predictability is largely driven by upscale error growth from small perturbations
in the initial state (Dey et al., 2016; Hohenegger et al., 2006).

In this sense, again, the results should be interpreted in the context of the
intrinsic limits of atmospheric predictability. As discussed in section 1.1.1,
the atmosphere is a chaotic dynamical system, and the rapid amplification of
small-scale perturbations imposes a fundamental constraint on deterministic
forecasts, particularly for convective-scale phenomena. Thus, the improve-
ments obtained through increased horizontal resolution and advanced physical
parameterizations do not eliminate uncertainty. Convection-permitting ensem-
bles therefore emerge not as a means to overcome chaos, but as a strategy to
represent it. The enhanced realism of storm structure and intensity documented
in this work should thus be understood as an improvement in probabilistic and
structural guidance, rather than as an extension of deterministic predictability.
This perspective is essential when translating high-resolution ensemble output
into information for impact-based forecasting and early warning systems. It
follows that from an operational perspective, these results highlight the con-
tinued need for well-designed ensemble systems that adequately sample the
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uncertainty in the larger-scale flow. Without such diversity, even the most
advanced high-resolution models will be limited in their ability to anticipate
high-impact extremes.

6.2 Added value of hectometric-scale ensembles

While ICs and BCs uncertainties dominate the large-scale setup of the event’s
initiation, our results also show that hectometric resolution provides substantial
added value once the correct mesoscale scenario is present. This added value
manifests in several ways: more realistic structures of rainfall objects, improved
timing of convective initiation and back-building, and reduced displacement
errors in object-based scores such as SAL (Davis et al., 2009; Roberts & Lean,
2008).

Returning to the Marche case, the member m2 demonstrates this synergy
particularly well. At 2 km resolution, the forecast driven by m2 already sug-
gested a higher risk of intense rainfall, When nested to 550 m and combined
with the 3-D Smagorinsky turbulence closure, the same IC realization produced
a forecast where convergence sharpening and localized convective regeneration
were explicitly resolved. This resulted in a more faithful reproduction of the
observed rainfall distribution and accumulation.

Such examples confirm that hectometric simulations are not simply “higher
resolution versions” of the same forecast, but can qualitatively change the way
of interaction between processes. By resolving narrower up and downdrafts,
finer-scale turbulence, and more realistic microphysical feedbacks, they shift the
balance between storm organization and dissipation. However, these benefits
only emerge when the large-scale forcing is conducive to the event; otherwise,
high resolution alone cannot correct an unfavourable initial condition.

In ensemble terms, this means that the optimal strategy is not to rely solely
on a larger number of perturbed IC members at kilometer scale, nor exclusively
on deterministic high-resolution runs. Instead, the key is to design ensembles
that combine both: a sufficiently broad sampling of ICs uncertainty to ensure
that “good” members like m2 are present, and targeted hectometric nests that
can refine those promising scenarios into forecasts of genuine predictive value.
This is where operational systems can benefit most, striking a balance between
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ensemble spread and computational cost (Clark et al., 2016; Raynaud & Bouttier,
2017).

Anyway, although this thesis does not aim to define a universally optimal
ensemble configuration, the results provide insight into how ensembles at hecto-
metric resolution could be designed more effectively. The analysis indicates that
physical realism, achieved through adequate resolution and carefully chosen
parameterization schemes, represents a prerequisite for meaningful ensemble
forecasts. Ensemble diversity should therefore be introduced in a targeted
manner, focusing on physically relevant sources of uncertainty rather than
on maximizing ensemble size. These findings support a regime-dependent
approach to ensemble design, where ensemble structure is adapted to the
dominant physical processes of the event under consideration.

6.3 Turbulence closures and microphysics

uncertainty

The sensitivity of hectometric simulations to physical parameterizations emerged
as a second key result. Switching from a COSMO-type 1D TKE closure to a
3D Smagorinsky turbulence scheme altered the organization of convective
lines, and the leeward displacement of rainfall, especially for the Italian case,
leading to more realistic precipitating patterns. This confirms that turbulence
closures strongly influence storm dynamics at the high resolution scales over
complex terrains between LES and parameterized convection (Deardorff, 1980;
Smagorinsky, 1963).

In addition, perturbations to microphysical parameters (e.g., CCN, INP,
shape parameter of the PSD, graupel sedimentation velocity) introduced sub-
stantial ensemble spread, particularly in the German hail case. Such perturba-
tions controlled not only precipitation totals but also the partitioning between
graupel and hail, influencing the timing and intensity of hail growth path-
ways. This aligns with recent work showing that microphysics remains one of
the dominant uncertainties in convection-permitting forecasts (Morrison et al.,
2020).
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6.4 Contrasting hazards: floods versus hail

The two case studies analysed in this thesis, the catastrophic flood in the Marche
region (September 2022) and the hailstorm over Villingen–Schwenningen (Au-
gust 2023), illustrate the very different challenges posed by extreme convec-
tive hazards. Despite sharing common drivers such as orographic lifting and
mesoscale convergence, the events diverged strongly in their spatio-temporal
scales and impacts.

The Marche flood was characterised by a long-lived, back-building convec-
tive system producing sustained rainfall accumulations exceeding 400 mm in
few hours. Its predictability hinged on the accurate simulation of low-level
wind convergence, moisture transport and turbulence parameterization over
complex terrain, with small errors in boundary-layer dynamics leading to large
displacements of the precipitation. In this case, ensemble diversity in ICs and
hectometric-scale refinement were both essential to reproduce the persistent
regeneration of convective cells.

In contrast, the German hailstorm was short-lived and spatially confined,
with peak precipitation below 70 mm but producing hailstones that caused
damage. Here, predictability depended less on prolonged organisation and
more on the correct timing and intensity of isolated convective updrafts. Mi-
crophysical parameter perturbations such as CCN and INP concentrations,
strongly modulated whether hail growth pathways were activated. Ensemble
spread therefore gave promising insights primarily from physics perturbations.

Taken together, these results highlight that extreme rainfall and hail, though
both products of deep convection, require different forecasting emphases: floods
are more sensitive to mesoscale dynamical predictability, while hail is more
strongly tied to microphysical uncertainty and the representation of particle
growth processes.
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6.5 Implications for forecasting and early

warnings

The results of this thesis also have important implications for how we design
forecasting systems and early-warning strategies. A first clear message is
that ensemble prediction remains the essential backbone for severe-weather
forecasting. Even the most advanced high resolution deterministic runs cannot
capture the full range of possible evolutions of a convective storm. What is
really needed is a combination: on the one hand, a sufficiently broad ensemble
of perturbed ICs to ensure that the large-scale and mesoscale environment is
well represented, and on the other hand, targeted high-resolution nests that can
refine those favourable members into realistic storm structures.

However, among the different factors investigated, increasing horizontal
resolution emerges as the most effective strategy to improve forecast quality,
outweighing the benefits of increasing ensemble size alone. Indeed, a higher
number of ensemble members becomes a meaningful strategy mainly once a
physically adequate resolution is achieved and when initial condition uncer-
tainty is the dominant error source. In contrast, the results of this work suggest
that investing in higher resolution represents a more effective and robust path-
way to improving forecast quality for high-impact convective events.

Ultimaetly, direct consequences can be imagined for early warning systems:
probabilistic products from hectometric-scale ensembles can provide not only
where and when storms are most likely, but also which type of impact is more
probable, for example intense rainfall versus large hail. Integrating this kind
of guidance with dense observations and nowcasting techniques could help to
extend lead times and communicate risk more effectively, especially in areas
with complex terrain where predictability is most limited.

6.6 Future outlooks and generalized conclusions

The results of this thesis show both the potential and the limits of hectometric-
scale simulations for forecasting extreme convective events. Looking ahead,
several directions appear particularly important.



6.6 Future outlooks and generalized conclusions 131

As highlighted by the Marche flood case, the accuracy of the data describing
the large-scale flow provided to the model can make the difference between
success and failure, regardless of how fine the resolution is. This suggests
that future progress cannot rely on resolution alone, but will require ensem-
ble systems that better capture mesoscale precursors and that can provide a
sufficiently diverse set of members to feed high-resolution nests. Adaptive
ensemble strategies, where computational resources are focused on the most
promising scenarios, may offer a way forward.

A second lesson comes from the sensitivity to turbulence and microphysics.
The experiments carried out here clearly show that hectometric forecasts de-
pend strongly on how these processes are represented, and that even subtle
changes in closures or parameter values can reshape storm organisation, rainfall
persistence, or hail growth. This means that tuning high-resolution models is
not a marginal task, but a central one: scale-aware turbulence schemes, more
realistic microphysics, and systematic calibration against dense observations
will all be necessary.

Finally, the question of resolution itself remains open. Horizontal grid
spacings of 550 m already improved the representation of narrow convergence
lines and convective regeneration, but the vertical discretisation still appears
as a limiting factor. A finer layering in the boundary layer and in the upper
troposphere could improve the depiction of turbulence, moisture transport, and
hail growth pathways. Pushing both horizontal and vertical resolution a step
further, even if only incrementally, may unlock important advances in forecast
realism. Thus we need a careful combination: diverse and well-designed initial
conditions, finely tuned turbulence and microphysics schemes, and gradual
improvements in resolution. If pursued together, they could bring forecasting
systems closer to anticipating not only where and when convective extremes
will occur, but also how they will evolve and what kind of impact they will
have.

A brief discussion could be done on how Artificial Intelligence could impact
such kind of high-resolution weather forecasting research. Recent advances
have demonstrated substantial potential for improving weather prediction
at synoptic scales, with AI-based models achieving competitive performance
with traditional numerical systems for large-scale atmospheric flow (Bi et al.,
2023; Lam et al., 2023). However, current data-driven approaches operate
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at relatively coarse resolutions and do not explicitly resolve convective-scale
processes, highlighting the continued importance of physically based models
and hybrid AI-NWP strategies for high-impact weather prediction (Rasp et al.,
2020). However, since AI does not yet directly resolve convection, research on
hectometric-scale physical models remains crucial.

As concerning the generalization of the results presented in this thesis, it
must be interpreted in a regime-dependent sense. The analysed events are both
characterized by strong mesoscale forcing, significant moisture convergence,
and a pronounced interaction with complex terrain. Under these conditions,
increasing horizontal resolution to hectometric scales and adopting advanced
three-dimensional turbulence closures consistently improves the spatial organi-
zation and localization of intense precipitation. However, such improvements
cannot be assumed to be universal. In weakly forced convective regimes, or
in environments dominated by large-scale dynamics rather than orographic
control, increased resolution and reduced diffusion may amplify small-scale
noise and lead to less robust forecasts. Consequently, the findings of this work
should be interpreted as particularly relevant for high-impact convective events
in complex terrain, rather than as a universally optimal modelling strategy.

Beyond its methodological and meteorological scope, this work also fits
into a much broader context of understanding and managing the complex
relationship between the atmosphere, the climate system, and society. The
doctoral course that I attended precisely aims at building these bridges, and
the study of convective extremes represents one of the most direct and tangible
ways in which atmospheric science intersects with societal concerns. Indeed,
extreme rainfall, flash floods, and severe hailstorms are not abstract phenomena:
they have profound implications for safety, infrastructure, and territorial plan-
ning; therefore, improving their predictability is not only a question of physical
understanding, but also an essential step toward reducing vulnerability and
increasing resilience in a changing climate. In this sense, the high-resolution
modelling experiments and ensemble approaches explored in this thesis can be
seen as part of a wider effort to link scientific progress with practical action.

At the same time, this work highlights how scientific disciplines cannot
operate in isolation, since the improvement of convective forecasting requires
not only better physical models, but also closer integration with observational
networks, risk communication strategies, and the social sciences that study
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how communities perceive and respond to warnings. Future advances will
increasingly depend on the ability to connect these different perspectives, from
atmospheric dynamics to human decision-making, within a coherent frame-
work.
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A Parameters description

Table A.1 reports the main configuration parameters adopted in these ICON
simulations for the three nested domains. These parameters regulate both the
numerical integration and the treatment of physical processes. They can be
broadly divided into two categories: (i) parameters that define temporal inter-
vals, i.e. how frequently a given model component is called; and (ii) parameters
that control the choice and behavior of the physical parameterizations.

Parameter Domain 1 Domain 2 Domain 3
start_time 0 900 1800
num_lev 65 65 65
dtime 20 10 5
inwp_gscp 2/4 2/4 2/4
inwp_conv 1 1 1
grayzone_conv true true false
shallow_conv false false true
inwp_rad 4 4 4
inwp_turb 1 1 1 (5)
inwp_satad 1 1 1
inwp_qvcd 0 0 0
inwp_surf 1 1 1
dt_rad 720 720 720
dt_conv 120 120 60
dt_eso 120 120 120
dt_gwd 360 360 360
lsmag_3d false false true
veg_cycle 2
lhdiff_smag_w false false true
itycecanopy 2
hgtdiff_max_smooth_topo 750 400 200
n_filter_smooth 1 1 1

Table A.1: Main ICON configuration parameters, whose description can be
found in paragraph A, for the three nested domains used in all experiments.
Domain 1 = outer (2.2 km), Domain 2 = intermediate (1.1 km), Domain 3 = inner
(550 m).
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• Time-related parameters.

– start_time: defines the delay (in seconds) after which each nested do-
main becomes active with respect to the beginning of the simulation.

– dtime: sets the model integration time step in seconds.

– dt_rad, dt_conv, dt_eso, and dt_gwd: specify the call frequency
(in seconds) of the radiation scheme, convection parameterization,
surface exchange processes, and gravity-wave drag scheme, respec-
tively.

– num_lev: indicates the total number of vertical levels used in the
model atmosphere.

• Physical parameterizations.

– inwp_gscp: selects the microphysics scheme. In this setup, values
of 2 and 4 correspond to the single-moment and double-moment
microphysics schemes, respectively.

– inwp_rad: chooses the radiation scheme. Here it is set to 4, activating
ECRAD, the ECMWF radiation scheme recently introduced in ICON.

– inwp_conv, grayzone_conv, and shallow_conv: control the repre-
sentation of cumulus convection. These switches can activate the
standard deep-convection parameterization, the “gray-zone” config-
uration for partially resolved convection, or the shallow-cumulus
scheme. In this configuration, they act as simple on/off flags depend-
ing on the domain resolution.

– inwp_surf: defines the surface coupling method, i.e. how the land
surface scheme interacts with the atmosphere.

• Turbulence and diffusion.

– inwp_turb: specifies the turbulence closure. A value of 1 activates
the traditional one-dimensional COSMO TURBDIFF/TURBTRANS
scheme, while a value of 4 selects the fully 3D Smagorinsky closure,
in which turbulent mixing is parameterized through a 3D diffusion
tensor.

– lsmag_3d: activates explicit 3D Smagorinsky diffusion, further en-
hancing the representation of turbulent mixing.



137

– hdiff_smag_w: controls the amount of horizontal diffusion applied
to the vertical velocity component.

• Additional switches.

– inwp_satad: activates the saturation adjustment process.

– inwp_qvcd: applies corrections to the water-vapour content.

– ityccanopy: defines how the canopy layer is represented in the sur-
face scheme.

– veg_cycle: specifies how vegetation cycles are treated. This param-
eter controls the representation of the seasonal vegetation cycle in
ICON’s land-surface scheme: when set to 1, the model employs
a simplified, static vegetation cycle, where vegetation-related pa-
rameters such as leaf area index, fraction of green vegetation, and
albedo remain constant throughout the simulation; when set to 2,
a seasonally varying vegetation cycle is activated, in which vegeta-
tion properties evolve dynamically according to climatological or
model-based annual cycles, leading to a more realistic depiction of
vegetation variability and its feedbacks on surface fluxes.

– hgtdiff_max_smooth_topo and n_filter_smooth: control the oro-
graphic smoothing. The first sets the maximum vertical smoothing
length (in meters), while the second defines the number of filter
iterations applied.

Overall, this configuration ensures a consistent and physically coherent
treatment of processes across all domains, while maintaining flexibility and
dealing with the necessities of the available HPC resources without loosing
accuracy.
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