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Summary of project objectives (10 lines max)

The primary goal of this special project is to enhance the predictability of severe weather in the
Mediterranean region, particularly focusing on convective-scale phenomena that are currently low in
predictability. This will be achieved by integrating state-of-the-art ensemble generation strategies with
advanced ensemble-based data assimilation (DA) algorithms. The specific objectives are the following:

Implementation of Convective-Scale Ensemble Generation Techniques.
Assess DA Strategies for Small-Scale Processes.

Coupling Ensemble Generation with DA.

Implement Regional Atmosphere-Ocean-Wave Coupled Models.
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Summary of problems encountered (10 lines max)

The main scientific difficulty concerned the ensemble generation technique: our high-resolution initial-
condition ensemble did not show enough spread to adequately capture the uncertainty in the initial state
of the medicane case under study. We therefore explored and compared several alternative ensemble
generation techniques (see Summary of results) to obtain better-calibrated initial conditions. In addition,
the project suffered some delay during the first six months of 2026 owing to teaching duties at the
university. Teaching has now finished, and we can devote ourselves to the project full-time for the
remainder of the year.

Summary of plans for the continuation of the project (10 lines max)

Having completed Tasks 1 to 3, during the next reporting period we will focus on Task 4, the only task
of the original proposal that remains to be implemented: the regional atmosphere-ocean and
atmosphere-ocean-wave coupled models. The coupled configurations, already compiled and
preliminarily tested on ATOS, will be run at high resolution for the most intense Mediterranean
cyclones (Tasks 4.1 and 4.2), and their results will be compared with the uncoupled WRF simulations
to quantify the impact of ocean feedback and marine waves on medicane intensity. We will then
integrate the DA system with the coupled model (Task 4.3), assimilating conventional observations
together with scatterometer surface winds and Atmospheric Motion Vectors over the sea. In parallel,
we will consolidate the results of Tasks 1-3, refining the best-performing configuration (the random-
noise ensemble coupled with the EAKF), and we will complete and submit the two manuscripts
currently in preparation.

List of publications/reports from the project with complete references
No articles from the project have been published yet, but two manuscripts are currently in preparation:

1. Improving WRF model forecast skills for Mediterranean Tropical-like cyclones through sensitivity
tests and data assimilation: the case study of medicane Qendresa. Cristiano d’Amico; Matteo
Nastasi; Diego Carrio; Piero Serafini; Antonio Ricchi; Rossella Ferretti.

2. On the role of air-sea interaction in developing destructive tropical-like cyclone Daniel. Antonio
Ricchi; Diego Carrio; Rossella Ferretti; Florian Pantillon; Sophie Brumer; Joris Piazette; Stavros

Dafis; Milena Menna; Riccardo Martellucci; Piero Serafini.

We expect both manuscripts to be submitted for publication during 2026.
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Summary of results

If submitted during the first project year, please summarise the results achieved during the period from the
project start to June of the current year. A few paragraphs might be sufficient. If submitted during the
second project year, this summary should be more detailed and cover the period from the project start. The
length, at most 8 pages, should reflect the complexity of the project. Alternatively, it could be replaced by a
short summary plus an existing scientific report on the project attached to this document. If submitted during
the third project year, please summarise the results achieved during the period from July of the previous
year to June of the current year. A few paragraphs might be sufficient.

During the period covered by this report, our efforts have focused on building the complete modelling
and data assimilation infrastructure required to achieve the project objectives, and on completing the
first three tasks of the project: the implementation and intercomparison of convective-scale ensemble
generation strategies (Task 1), the assessment of ensemble-based data assimilation strategies (Task
2), and the coupling of both techniques (Task 3). The main achievements are summarized below.

The WRF numerical model, which constitutes the core of all the numerical experiments of this
project, has been successfully implemented on the ECMWF ATOS HPC facility. Two different model
versions have been installed and tested on the selected case studies: the ATOS-adapted version and
version 4.0.

A Data Assimilation system based on DART (Data Assimilation Research Testbed) has also been
implemented and coupled to WRF. The DA method used is the Ensemble Adjustment Kalman Filter
(EAKF; Anderson, 2001), an ensemble-based algorithm that estimates flow-dependent background
error covariances from the ensemble itself, which makes it particularly well suited for convective-
scale applications, where forecast errors grow and evolve rapidly.

With this infrastructure in place, we have completed, during the period covered by this report, all the
activities associated with Task 1, as defined in the original project proposal, whose central goal was
to design and intercompare different strategies to generate physically consistent convective-scale
ensembles. The work carried out in each subtask is summarized below:

Task 1: Implementation of Convective-Scale Ensemble Generation Techniques

A well-calibrated ensemble of initial and boundary conditions is a key prerequisite both for ensemble
forecasting and for ensemble-based data assimilation: if the ensemble spread is too small, the true
state of the atmosphere may fall outside the envelope of possible solutions, as observed in our first
downscaling experiments (see Summary of problems encountered). For this reason, five
complementary ensemble generation strategies (Tasks 1.1 to 1.5) have been implemented and
systematically compared in terms of their ensemble spread evolution during the project so far. All the
subtasks described below have therefore already been carried out:

Task 1.1: Downscaling from Global Ensemble Prediction System

This task involved downscaling the global ECMWF Ensemble Prediction System (EPS), based on
singular vectors (Buizza and Palmer, 1995), for selected high-impact weather events and intense
medicane cases across the Mediterranean region. The WRF model was used to downscale the entire
global EPS-ECMWEF, consisting of 50 ensemble members, to a high grid resolution of 1-3 km
centered over each selected case. Every experiment included a spin-up period of 6-12 hours to ensure
physically balanced fields, and various sensitivity tests were conducted to optimize the model
configuration (number of nested domains, spin-up duration and physical parameterizations) in order
to obtain the most accurate forecast possible. This direct dynamical downscaling of the operational
EPS is the most straightforward ensemble generation strategy, and was therefore adopted as the
starting point of the intercomparison.
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Task 1.2: Adding Random Noise to a Deterministic field

For each case study, the global deterministic initial and boundary conditions from ECMWF, available
at higher resolution than the EPS-ECMWF (9 km vs 16 km, respectively), were downscaled to a 1-3
km WREF grid resolution with a 6-hour spin-up period. To obtain the ensemble of initial and boundary
conditions, Gaussian random noise was applied to the prognostic WRF variables of the downscaled
deterministic field. The ensemble spread evolution of this method was then compared with that
obtained in Task 1.1 to assess its effectiveness in predicting convective-scale weather events. The
main appeal of this strategy is that it starts from the higher-resolution deterministic analysis, at the
cost of introducing perturbations that are not flow-dependent.

Task 1.3: Multiphysics Ensemble based on Physical Parameterization

The multiphysics ensemble was generated following Stensrud et al. (2000) and Wheatley et al. (2012),
where each ensemble member uses a different set of physical parameterizations. The diversity in this
type of ensemble consists of combining different (a) short- and long-wave radiation schemes, (b)
cumulus parameterizations and (c) planetary boundary layer schemes, while the same microphysics
and land surface schemes are shared by all ensemble members. The cumulus parameterization is only
applied in the WRF domains using grid resolutions larger than 3 km. Unlike the previous strategies,
which perturb the initial state, the multiphysics ensemble samples the uncertainty associated with the
model physics itself, and is therefore complementary to the approaches of Tasks 1.1 and 1.2.

Task 1.4: Stochastically Perturbed Physics Tendencies Ensemble

Several widely used stochastic techniques were implemented and tested in WREF. In particular,
strategies such as SPPT and SKEB were applied to the downscaled fields of the deterministic IFS-
ECMWEF to generate the ensemble. This technique also makes it possible to increase the number of
ensemble members used to forecast extreme weather events, thereby avoiding the limitations of the
direct downscaling of the EPS-ECMWF (Task 1.1). The resulting ensemble spread evolution was
compared with that of the ensembles generated in Tasks 1.1, 1.2 and 1.3. These stochastic schemes
represent model error in a flow-dependent way and, in contrast to the multiphysics approach, do not
require maintaining different combinations of physical parameterizations.

Task 1.5: DART-CV3 Climatological Covariance based Ensemble

Initial and boundary conditions for each ensemble member were produced by perturbing forecasts
from the IFS-ECMWF with random, correlated Gaussian noise with zero mean (e.g., Torn et al.,
2006), drawn from the default “CV3” background error covariances provided by the WRF Model’s
Data Assimilation system (WRFDA; Barker et al., 2012), which were produced with the “NMC
method” (Parrish and Derber, 1992) based on differences between 48-h and 24-h forecasts. This
climatological-covariance approach provides a computationally inexpensive way of generating an
arbitrarily large number of ensemble members, and forms the basis of the code developed within the
project to generate ensembles from deterministic fields.

The intercomparison of these five strategies has already been completed for the medicane case under
study. The results obtained so far indicate that adding Gaussian random noise to a downscaled
deterministic field (Task 1.2) is the strategy that appears to perform best, as it provides the most
adequate ensemble spread evolution while retaining the benefits of the higher-resolution deterministic
initial conditions. This strategy was therefore selected to be coupled with the ensemble-based data
assimilation experiments carried out within Tasks 2 and 3, described below.

In addition, as part of Tasks 2 and 3, the following experiments have been carried out for the
selected case study, Medicane Qendresa (see Fig. 1):

1. Deterministic: high-resolution simulations at 1 km grid resolution, initialized at different starting
times, in order to assess the sensitivity of the forecast to the initialization time and to determine
how far in advance the development of the medicane can be captured.
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Fig. 1 Medicane Qendresa hitting Malta in November 2014.

2. NO-DA: control simulations without data assimilation, using 50 ensemble members with initial
and boundary conditions from EPS-ECMWF and two nested domains at 3 km and 1 km grid
resolution (see Fig. 2). This experiment provides the benchmark against which the added value
of the different data assimilation strategies is quantified.

3. DA-SYNOP: ensemble simulations assimilating conventional surface observations (SYNOP
reports) using the EAKF implemented in DART. These observations mainly constrain the
representation of the mesoscale environment (surface pressure, temperature, moisture and wind)
in which the medicane develops.

4. DA-RADAR: ensemble simulations assimilating weather radar observations. Radar data provide
information on precipitating structures at high spatial and temporal resolution, and are therefore
key to constraining the convective-scale dynamics of the cyclone.

5. DA-SATELLITE: ensemble simulations assimilating satellite observations. Satellite data are

particularly valuable in this context, since medicanes spend most of their life cycle over the sea,
where conventional observations are extremely scarce.
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Fig. 2 Nested numerical domain used in our simulation experiments.
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From the analyses produced by each of the above experiments, free 48-h ensemble forecasts have
been run to quantify the impact of each data assimilation strategy on the forecast of the medicane.
These experiments combine the ensembles generated in Task 1 with the DA strategies assessed in
Task 2, thereby completing the coupling activities of Task 3. Overall, the first three tasks of the
project have therefore been completed during the period covered by this report.

As a first step towards Task 4, coupled atmosphere-ocean and atmosphere-ocean-wave model
configurations have been compiled and preliminarily tested on the ATOS facility. The full battery
of coupled simulations remains to be performed during the next phase of the project.

Furthermore, code has been developed to generate ensemble members from deterministic fields
using DART perturbation techniques.
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