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Abstract: Because of the ongoing changing climate, extreme rainfall events’ frequency at the global scale
is expected to increase, thus resulting in high social and economic impacts. A Meteo/Hydro/Hydraulic
forecasting chain combining heterogeneous observational data sources is a crucial component for an
Early Warning System and is a fundamental asset for Civil Protection Authorities to correctly predict
these events, their effects, and put in place anticipatory actions. During the last week of October 2021
an intense Mediterranean hurricane (Apollo) affected many Mediterranean countries (Tunisia, Algeria,
Malta, and Italy) with a death toll of seven people. The CIMA Meteo/Hydro/Hydraulic forecasting chain,
including the WRF model, the hydrological model Continuum, the automatic system for water detection
(AUTOWADE), and the hydraulic model TELEMAC-2D, was operated in real-time to predict the Apollo
weather evolution as well as its hydrological and hydraulic impacts, in support of the early warning
activities of the Italian Civil Protection Department. The WRF model assimilating radar data and in situ
weather stations showed very good predictive capability for rainfall timing and location over eastern Sicily,
thus supporting accurate river flow peak forecasting with the hydrological model Continuum. Based on
WRF predictions, the daily automatic system for water detection (AUTOWADE) run using Sentinel 1 data
was anticipated with respect to the scheduled timing to quickly produce a flood monitoring map. Ad hoc
tasking of the COSMO-SkyMed satellite constellation was also performed to overcome the S1 data latency
in eastern Sicily. The resulting automated operational mapping of floods and inland waters was integrated
with the subsequent execution of the hydraulic model TELEMAC-2D to have a complete representation of
the flooded area with water depth and water velocity.

Keywords: meteo-hydro chain; data assimilation; extreme rainfall events

1. Introduction

Medicane, the short name for Mediterranean hurricane [1], is a cyclone that can man-
ifest different characteristics at different stages of its life cycle. Its genesis is typical of
extra-tropical cyclones that are frequently observed in the middle latitudes, but under
certain conditions, it can evolve into phenomena similar to hurricanes that develop in the
tropical belts of the Atlantic, Pacific, and Indian oceans. Genesis is characterized by the
presence of a strong temperature difference between the upper layers of the atmosphere
(colder) and those low and close to the earth’s surface (warmer). Evolution into a tropical-
like cyclone occurs when there is sufficient exchange of heat and moisture between the
sea and the lower atmosphere to fuel the development of massive storm clouds. Typical
characteristics are nearly circular symmetry, a deep warm core, a closed eye in its center
with spiral cloud coverage around, and maximum 10 m wind speed at 20–30 km from

Remote Sens. 2022, 14, 6348. https://doi.org/10.3390/rs14246348 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14246348
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-2468-3577
https://orcid.org/0000-0001-7945-159X
https://orcid.org/0000-0001-5117-7525
https://orcid.org/0000-0002-7596-4694
https://orcid.org/0000-0003-3078-702X
https://orcid.org/0000-0001-8483-1490
https://orcid.org/0000-0002-8505-0634
https://doi.org/10.3390/rs14246348
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14246348?type=check_update&version=1


Remote Sens. 2022, 14, 6348 2 of 22

its center. Medicanes never reach the intensities of hurricanes of the highest category, at
most they have winds comparable to category 1 hurricanes, i.e., higher than 110 km/h. For
comparison, Category 5 cyclones have winds above 250 km/h. In addition, Medicanes last
less long, from 24 to 36 h, while tropical cyclones can last even weeks. The literature [2,3]
agrees in estimating an annual incidence of around 1.5 events, concentrated in the months
between September and April. Recently, [4] demonstrated that cloud resolving grid spacing
hindcast simulations are able to reproduce the fine-scale structure of the Medicane event of
7 and 8 November 2014, near southern Sicily, conversely poorly predicted by operational
numerical weather prediction (NWP) models, which failed to reproduce the trajectory of
the cyclone. In particular, the simulations characterized by a grid spacing ≥ 5 km miss the
first intensification phase of the cyclone and do not predict the correct landfall time over
Sicily. Instead, simulations performed with a grid spacing ≤ 2.5 km correctly reproduce
the initial deepening of the cyclone and the northward turn towards Sicily during the
evening of 7 November. A powerful Medicane, named Apollo, affected many countries
on the Mediterranean coast, especially southern Italy, in October 2021, causing a death toll
of seven people. A low-pressure area, centered over the Strait of Sicily, led to disturbed
weather conditions on the southernmost regions of the Italian peninsula, especially on the
Ionian sectors of Calabria and Sicily. On 25 October 2021, an intense Mediterranean Cyclone
developed over the sea south of Sicily. Due to the Medicanes aforementioned intrinsic char-
acteristics, such as long-lived [5] and high-impact effect, the Apollo Medicane was chosen
as a test case because it allows to test all the chain components in real or near-real time to
support civil protection during the forecasting and monitoring phase. This study aims to
test the predictive capability of an operational meteo/hydro and hydraulics forecasting
chain from the atmospheric processes to the hydraulic scenarios through the hydrologi-
cal phenomena for this high-impact event and to assess the possible chain components’
support for civil protection purposes. These kind of chains are one of the components of a
complete Early Warning System that the Sendai Framework incorporates into one of its
seven global targets: “Substantially increase the availability and access to multi-hazard
early warning systems and disaster risk information and assessments to people by 2030”.
Thus, this event has been used as a benchmark for the CIMA (Centro Internazionale di Mon-
itoraggio Ambientale) meteo-hydrological forecasting and monitoring chain operational
version in real-time mode, as well as for its enhanced version in hindcast mode. The opera-
tional counterpart of the CIMA meteo/hydro/hydraulic chain was operated in real-time to
predict the Apollo weather evolution, as well as its hydrological and hydraulic impacts.
The chain includes the Weather Research Forecasting (WRF) model without data assimi-
lation (WRF-OL hereafter) feeding the hydrological model Continuum in the forecasting
phase, the automatic system for water detection (AUTOWADE) and the hydraulic model
TELEMAC-2D to assess the hydraulics impact running on meteorological observations.
Furthermore, in hindcast mode, an enhanced version of the CIMA forecasting chain starting
from the meteorological outputs obtained with the WRF model improved with a 3DVAR
data assimilation of radar reflectivity and personal weather stations of Wunderground
network (WRF-DA) up to the hydrological forecast with the Continuum model, and hy-
draulic impacts obtained with TELEMAC-2D was investigated. The chain application uses
many kind of observations for the different steps, such as radar reflectivity observations,
temperature observations from ground stations, and satellite data from Sentinel, COSMO
SkyMed (CSK), and COSMO 2nd generation (CSG) acquisitions. All the chain step results
are directly uploaded and visualized on MyDewetra platform (Dewetra in Figure 1), which
was developed by CIMA Research Foundation and is used by the Italian Civil Protection
Department for risk management during emergencies [6]. The forecasting chains used
in this work enable a step change in how high-impact weather events can be predicted
and monitored with a rich portfolio of observational data used and assimilated and a full
exploitation of high-performance and cloud computing facilities, built on top of the H2020
project LEXIS (https://cordis.europa.eu/project/id/825532) (accessed on 11 December
2022). This application is the result of an interdisciplinary effort based on the cooperation
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of research fields such as meteorology, hydrology, hydraulics, Earth Observation, and ICT
(Information and Communications Technology). Figure 1 reports all the steps and the
tools used to build the complete chain used partially already in operational mode and in
hindcast:

• Data download and storage services: Supporting the modeling and observational data
stream for the subsequent modeling instances.

• Meteorological forecasts: The WRF meteorological model, executed on High-Performance
Computing (HPC) facilities, provides high-resolution weather forecasts after the assimila-
tion of radar reflectivity and weather station observations.

• Hydrological forecast: The fully distributed hydrological model Continuum, executed
on cloud computing facilities, provides the peak discharge forecast based on the WRF
meteorological input and assimilated Sentinel 1 soil moisture products.

• Flooded area detection: The automatic system for water detection (AUTOWADE)
exploits satellite acquisitions, along with ad hoc tasks set depending on the meteo-
rological forecasts (Sentinel 1 and COSMO SKYMED) to operationally monitor the
flooded areas.

• Hydraulic forecast: The TELEMAC-2D hydraulic model, executed on HPC facilities,
integrates Continuum forecasts to predict flooded areas.

Figure 1. Meteo /Hydro forecasting chain workflow.

The paper is divided as follows: Section 2 describes the Materials and Methods,
including a short case study description and all the model setups used in this work. The
results are discussed in Section 3, dividing the operational and the hindcast research
phase and, eventually, some concluding remarks about the forecast chain performances are
reported in Section 4.
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2. Materials and Methods
2.1. Case Study Description: The Apollo Medicane

The genesis of the Medicane was a low-pressure system which isolated near the
Balearic islands around 22 October 2021 and then moved towards the Algerian and Tunisian
coastline, already producing damages on 23 October 2021. During its movement towards
the southeast, it affected Sicily by producing self-regenerating thunderstorms around the
Catania area in the late afternoon of 24 October 2021. It then moved towards Libya, but
on 27 October, it changed direction, again approaching Sicily. Finally, on 29 October 2021,
it moved towards the southeast, fading on 2 November off the Turkish cost. Figure 2
shows the atmospheric conditions at 00UTC on 25 October, when the flood hit the Catanian
plain. The cold air intrusion at 500 hPa caused a strong convective instability, and the
wind convergence over eastern Sicily maintained the precipitation over the same area
for hours. Moreover, the barotropic structure of the cyclone at this stage contributed to
keep the phenomena over the same place. Between Sunday 24 and Tuesday 26 October
2021, the amount of rain recorded by the Regional Agrometeorology Service of Sicily
(SIAS—http://www.sias.regione.sicilia.it/) (accessed on 11 December 2022) was 180 mm
in Catania (CA black dot in Figure 4, panel A), 280 mm in Lentini (Syracuse, LE black dot
in Figure 4, panel A), about 230 mm in Fabrizia (Vibo Valentia, FA black dot in Figure 4,
panel A), and 520 mm in Linguaglossa-Monte Conca (Catania, LI black dot in Figure 4,
panel A). This station is placed at an altitude of 1875 m on the northeastern side of Etna, and
it is particularly prone to humid eastern winds because the mountain acts as an orographic
barrier. It has to be highlighted that, in Lentini, 280 mm was recorded during 24 October.
The situation was correctly predicted and a red alert (the most Severe Weather Warning in
the Italian system) was issued by the National Department of Civil Protection. Nevertheless,
the runoff produced an extended flood over the Catanian plain with several casualties.

The event hit, with harmful effects, the eastern side of Sicily Island and the south
of the Calabria Region. The area is mainly characterized by several small coastal basins
of a few hundred square kilometers with steep slopes and low corrivation times. Within
the area of interest is located a medium/big basin: the Simeto River, in Sicily, with an
area of about 4186 km² and an elevation that ranges from the sea up to a maximum of
3274 m asl. Within the Simeto basins, there is the Catanian floodplain that was severely
flooded and is modeled with a 2D hydraulic model in the present work. The Simeto basin
is characterized a northern sector with rough and rugged forms of lanscape due to the
presence of arenaceous-conglomerate and quartzarenitic outcrops which constitute, in large
part, the Nebrodi mountain group [7]. To the west and southwest are the Erei Mountains,
of arenaceous and calcarenitic-sandy nature, isolated and with hilly morphology. In the
central-southern portion of the area under examination, the plastic and sandstone post-
orogenic soils, which are easily eroded, give rise to a hilly landscape with very softened
shapes. Gypsums represent the most widespread lithotype and, due to their high solubility,
they are affected by karst phenomena. The eastern sector is affected by the presence of the
volcanic relief of Etna; the morphology is characterized by not very steep slopes which, in
the presence of recent lava flows, take on a more rugged aspect. Finally, the southeastern
sector presents a flat morphology with the “Piana di Catania”. The basin has about 89%
arable land and tree forest for the remaining part. The Catanian plain has an area of 430 km²,
equal to a fifth of all the plains of the island, and is one of the largest in southern Italy.
The Catanian plain was formed with the alluvial deposit accumulation from the Dittaino,
Gornalunga, and Simeto rivers and their tributaries. It is surrounded by mountains and
hills and is an alluvial plain; Etna dominates it with its imposing mass and, in a certain way,
is its architect, making it fertile with the products of its volcanic activity. It is one of the
most important agricultural areas of Sicily. The prevailing agriculture is citrus farming with
an almost absolute prevalence of the orange tree, but there are also olive groves, cereals,
and legumes (for a complete area description refer to [8]).

http://www.sias.regione.sicilia.it/
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Figure 2. 25 October 2021 00UTC: SLP (hPa) and 10 m wind (knots) with the area of interest
higlighted by a red rectangle and the Catania floodplain location highlighted with a dark red dot
(top); Temperature (◦C), Geopotential (dam) and wind (knots) at 500 hPa (bottom). Data from
ECMWF analysis.

2.2. The Meteorological Model: WRF

The WRF model [9] is used in this work both in operational application without data
assimilation (WRF-OL) and in hindcast mode assimilating radar data and in situ weather
stations (2 m temperature data, WRF-DA). WRF is a compressible nonhydrostatic model
with mass-based terrain-following coordinates that was developed at the National Center
for Atmospheric Research (NCAR) in collaboration with several institutes and universities
for operational weather forecasting and atmospheric science research. For this study, three
two-way nested domains were used in both configurations. The WRF-OL setup adopts a
horizontal grid spacing of 13.5, 4.5, and 1.5 km with 50 vertical levels (Figure 3 panel A). The
WRF-DA setup has instead a horizontal grid spacing of 22.5, 7.5, and 2.5 km with 50 vertical
levels (Figure 3 panel B); all domains’ tops reach 50 hPa. The WRF-OL and WRF-DA setup
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have different grid spacing because the configurations used are both already operationally
run in CIMA Research Foundation. Thus, for the experiment with data assimilation, the
decision was to maintain the setup already running with cappi reflectivity assimilation,
with consolidated background error covariance matrix, adding only the 2 m temperature
assimilation for the hindcast experiment.

Figure 3. Panel (A), the WRF-OL setup: three two-way nested domains with 13.5, 4.5, and 1.5 km
grid spacing. Panel (B), the WRF-DA setup: three two-way nested domains with 22.5, 7.5, and 2.5 km.
Gray shading indicates the model terrain.

All the simulations are performed with the same set of physical parameterizations
(Table 1), described hereafter, that have already been successfully tested in other extreme
events studies over Italy [10–12]. The MM5 scheme is adopted as surface layer [13–15].
A [16] scheme is used to enhance surface fluxes of heat and moisture. The Rapid Update
Cycle (RUC) scheme is used as a multi-level soil model (6 levels), with higher resolution in
the upper soil layers (0, 5, 20, 40, 160, and 300 cm). This soil model solves the heat diffusion
and Richards moisture transfer equations (with a layer approach) and, in the cold season,
considers phase changes in soil water [17,18]. The planetary boundary layer (PBL) dynamics
are parameterized with the diagnostic nonlocal Yonsei University (YSU) PBL scheme [19].
The WSM6 microphysics six-class scheme is adopted [20]. Lastly, the radiative processes are
parameterized by means of the longwave and shortwave RRTMG schemes [21]. Both model
setups in their innermost domains are at the km scale, therefore adopting cloud-resolving
grid spacing; thus, they both have an explicit treatment of convection.

Table 1. Parametrization schemes adopted for subgrid-scale processes.

Physics Options WRF-OL WRF-DA

Microphysics WSM6 WSM6
PBL YSU YSU

Longwave radiation RRTMG RRTMG
Shortwave radiation RRTMG RRTMG
Land surface physics RUC RUC

Cumulus parameterization Explicit on inner domain Explicit on inner domain

The initial and lateral boundary conditions are derived from NCEP-GFS (National
Centers for Environmental Prediction Global Forecast System) analysis and forecast data
available at a horizontal grid spacing of 0.25◦ × 0.25◦ and a 3 h time resolution. The
forecasts in this work are initialized at 00 UTC on 24 October 2021.

The research forecasts with data assimilation (WRF-DA setup) were implemented
with a 3-h cycle 3DVAR technique of radar reflectivity and personal weather station (Wun-
derground) data at 18-21-00 UTC before the 48 h free forecast. The WRF data assimilation
package WRFDA v3.9.1 is used. For the applied 3DVAR [12], the reflectivity operator used
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is the modified direct operator. This work adopts the Control Variable option 5 (CV5) of
the WRFDA package for the B matrix (background error covariance matrix) calculation
using the National Meteorological Center (NMC) method [22]. It estimates climatologi-
cal background error covariances using a process that assumes background errors to be
well-approximated by averaged forecast difference statistics [12]:

B = εbεT
b = (X′t+24 − X′t+12)(X′t+24 − X′t+12)T (1)

where X′t is the true state of the atmosphere and εb is the background error. The overbar
means an average over time and space. Thus, the NMC method was applied over the
entire month of October 2015 with a 24-h lead time for the forecasts starting at 00:00 UTC
and a 12-h lead time for the ones initialized at 12:00 UTC of the same day. The differences
between the two forecasts (t + 24 and t + 12) valid for the same reference time were used
to calculate the domain-specific error statistics.

2.3. The Hydrological Modeling Chain: Flood-PROOFS

Flood-PROOFS (Flood PRObabilistic Operative Forecasting System) is a system de-
signed to support decision makers during the operational phases of flood forecasting, flood
monitoring, and water resource management. Its main goal is to protect the population and
infrastructure from damage caused by intense precipitation events. The system is opera-
tional for the Italian National Civil Protection Department and other hydro-meteorological
offices in different countries (e.g., Bolivia, Caribbean, plus ongoing implementation in the
Greater Horn of Africa and Mozambique). The Flood-PROOFS system manages the data
flow deriving from various modeling tools developed by the CIMA Research Foundation
to return a quantitative assessment of the effects that severe weather conditions can have in
terms of river flow and probability to overcome critical thresholds.

Flood-PROOFS’ core is the distributed hydrological model Continuum [23,24]. The
Continuum solves both mass and energy balance equations on a regular grid, using hydro-
derivatives (flow direction, flow accumulation, and slope) extracted from a Digital Elevation
Model (DEM), as well as land cover and soil texture information. Within Flood-PROOFS,
the Continuum is forced by meteorological observations from Automatic Weather Stations
(AWS), meteorological radar, satellite, and meteorological models’ forecasts. A description
of the forecasting chain and its application on the whole of Italy can be found in [25].
The Continuum is both an operational and research model; some studies that involve
Continuum are: [26–31]. Flood-PROOFS and the Continuum are open-source tools available
at https://github.com/c-hydro (accessed on 11 December 2022).

2.4. The Automatic System for Water Detection: AUTOWADE

AUTOWADE (AUTOmatic Water Areas DEtector, [32]) is an automatic processor,
which does not need any supervision or user intervention, that performs a systematic daily
mapping of water surfaces (both floodwater and permanent water bodies) using Sentinel-1
(S1) data [32]. It was originally designed to respond to the Italian National Civil Protection
Department’s need of monitoring the water surfaces’ extent. Therefore, it works at the
national (Italian) scale. The AUTOWADE processor is formed by different components. The
main component is obviously water detection, but other components are included, such as
the automatic downloading of S1 images (GRD products) and their preprocessing to derive
geocoded and calibrated data, the generation of reference and exclusion masks, and the
delivery of the data to the end user. All these components are sequentially executed in a
fully automated way. The water mapping algorithm implemented in AUTOWADE com-
bines different image processing techniques, such as clustering, edge filtering, automatic
thresholding, and region growing; it is applied to copolarized data only. The floodwater
detection performed by AUTOWADE using Sentinel-1 SAR data is based on a change detec-
tion approach that uses a preflood image acquired under standard conditions and an image
of the flood. The approach identifies the modifications of the roughness and the reflectivity
of the ground due to the presence of floodwater. When the electromagnetic radiation

https://github.com/c-hydro
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transmitted by SAR impinges upon a target, the amplitude and phase of the backscattered
electromagnetic field depend on the physical (i.e., geometry and roughness) and electrical
(i.e., dielectric constant) properties of the target itself. These properties are substantially
changed by the presence of floodwater. In particular, the roughness of the surface decreases
because floodwater is generally very smooth (in the absence of significant winds). This
implies that standing water reflects most of the impinging radiation toward the specular
direction and the portion of the radiation that is backscattered toward the radar (which
basically represents the SAR measurement) is very low. Then, the presence of floodwater
implies a significant decrease in the backscattering with respect to that measured under
nonflooded conditions.

AUTOWADE is scheduled to run twice a day to process both ascending and descend-
ing S1 orbits. However, if the end user (Italian National Civil Protection Department)
requires a fast processing of S1 data, for instance to quickly obtain information about the
extent of a big flood, it is possible to manually run AUTOWADE in anticipation with respect
to the schedule. This was perfrmed for the flood that occurred in Sicily due to the Apollo
Medicane.

2.5. The Floodwater Depth Estimation Tool: FwDET

The Floodwater Depth Estimation Tool (FwDET, [33]) is a tool that allows to evaluate
water depths associated with flood areas retrieved by satellite. FwDET identifies the water
depth of the flooded areas in each cell within a flooded domain based on its closest point
located on the edge of the flooded area through the use of an appropriate digital terrain
model (DTM). FwDET calculates water depth based solely on a flood polygon and a DTM,
then eliminates the need for additional data while maintaining usability with complex and
fragmented flood extension maps from any source and resolution (e.g., independent from
the sensors used for the acquisition). Regarding the accuracy of FwDET in estimating flood
depths, ref. [33] reports mean differences between FwDET and observations of 0.18 and
0.31 m for two case studies in the United States, based on a DEM resolution of 1 m and 10 m,
respectively. In this case, the DTMs used is from Lidar and has a resolution of 2 m and is
freely available from the Sicily Region (https://www.sitr.regione.sicilia.it/) (accessed on 11
December 2022). The version of FwDET used is an implementation in Google Earth Engine
(GEE, https://earthengine.google.com) (accessed on 11 December 2022), a cloud-based
open service that has the advantage of allowing large-scale and high-resolution calculation.

2.6. The Hydraulic Model: TELEMAC-2D

TELEMAC-2D (http://www.opentelemac.org/) (accessed on 11 December 2022) is
a 2D hydrodynamic model that uses the Saint Venant equation and models free-surface
flows in two dimensions. At each point of the mesh, it calculates the depth of water and
the two velocity components. TELEMAC-2D is used for a wide spectrum of applications,
including the design of hydraulic structures, dam breaches, and flood analysis. The main
outputs of the model are water depth and water velocity, as well as spatial and temporal
evolution within the river bead and on the floodplain. In this work, the TELEMAC-2D
model is coupled with the Continuum hydrological model, and TELEMAC-2D uses the
stream-flow simulated by the Continuum as boundary conditions.

A very-high-resolution Digital Terrain Model was used for the implementation of
TELEMAC-2D. The DTM from Lidar with a resolution of 2m is freely available from Sicily
Region (https://www.sitr.regione.sicilia.it/) (accessed on 11 December 2022).

3. Results and Discussion
3.1. The Operational Meteorological Forecast

The meteorological forecast obtained using the operational framework based on the
aforementioned model WRF-OL setup showed a very good predictive capability for rainfall
timing and location, especially over eastern Sicily. Figure 4 shows the observed (merging
radar and rain gauges [25]) in panel A and modeled cumulated rainfall (panel B) for the

https://www.sitr.regione.sicilia.it/
https://earthengine.google.com
http://www.opentelemac.org/
https://www.sitr.regione.sicilia.it/
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48 h between 24 October 2021 at 00 UTC and 26 October 2021 at 00 UTC, uploaded on
the MyDewetra platform to provide an easy and immediate situation view during the
forecasting phase.

Figure 4. Observed (Panel (A)) and modeled (WRF-OL, Panel (B)) 48 h cumulated rainfall between
24–26 October 2021. In Panel A, black dots with labels represent the rain gauges cited in Section 2.1,
namely Lentini (LE), Linguaglossa (LI), Catania (CA), and Fabrizia (FA).

A quantitative verification of the meteorological forecast is performed using the MODE
tool [34,35] by comparing the observed accumulated rainfall field with the forecast fields of
the other runs. The main advantage of such a validation is that the forecast is not only eval-
uated point-wise but also at feature level, thus overcoming the so-called “double-penalty”
issue [36]. MODE identifies precipitation structures above given thresholds in both the
forecast and the observed fields and performs a spatial evaluation of the model capability
of reproducing the identified objects [37]. Especially for high-resolution observations and
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cloud-resolving meteorological forecasts during deep convective events, it is preferable
to use feature-based verification techniques, such as MODE, because traditional methods
cannot provide a measure of spatial and temporal match between observed and forecast
fields. The MODE analysis aims to verify the model capability in reproducing the pattern of
the considered atmospheric field through the evaluation of indices (for further description
refer to [11,12]) such as centroid distance (CEN DIST), angle difference (ANG DIFF), area
ratio (obtained with forecast area—FCST AREA divided by OBS AREA, symmetric differ-
ence (SYMM DIFF), intesection area (INTERS AREA), union area (UNION AREA), and
percentile intensity within object (FCST INT and OBS INT considering 50 and 90 percentile)
above a fixed threshold (150 mm and 200 mm in this case). All the above-mentioned
attributes are then summarized in a single index, called Total Interest, through a fuzzy
logic algorithm (Equation (1) of [38] and Section 4 of [39]). In this work, the quantitative
object comparison and some of the calculated indices, including the Total Interest (ranging
between 0 and 1), are reported in Table 2. The Total Interest for both thresholds is above 0.9
(up to 0.95 for the 150 mm threshold), close to 1 (best score); this means that the forecast
pattern is very close to the observed pattern, despite a slight overestimation of rainfall
peaks and patterns, as also visible in Figure 4.

Table 2. WRF-OL forecast validation through the MODE tool.

CEN
DIST

ANG
DIFF

FCST
AREA

OBS
AREA

INTERS
AREA

UNION
AREA

SYMM
DIFF

FCST
INT50

OBS
INT50

FCST
INT90

OBS
INT90

TOT
INT

150 mm 3.41 3.12 1943 715 570 1638 1086 228 194 360 275 0.95
200 mm 12.49 7.33 941 240 199 982 783 274 248 398 334 0.91

3.2. The Hydrological Forecast

The Flood-PROOFS’ stream flow forecast is obtained using the WRF-OL meteorologi-
cal forecast as input. The run goal is to support decision makers in issue warning before
the event. In Flood-PROOFS, the WRF-OL forecast rainfall is operationally coupled to
the hydrological model through the Rainfall Filtered Autoregressive Model (RainFARM)
stochastic downscaling procedure [40] that allows to provide a probabilistic hydrologi-
cal forecast.

Figure 5 shows the hydrological forecast of 24 October 2021; red dots represent critical
sections in which the expected discharge overcame the warning thresholds and can lead
to flooding. Figure 6 shows the corresponding probabilistic hydrographs in three river
sections in Calabria and Sicily. The yellow horizontal line corresponds to the alarm level
and the orange one to the alert level. The event was therefore expected as an event of
great intensity that could lead to widespread flooding, in particular in Calabria, and on the
eastern coast of Sicily (red rectangle in Figure 2).



Remote Sens. 2022, 14, 6348 11 of 22

Figure 5. FloodPROOFS forecast over southern Italian rivers sections. Visualization on MyDewetra
platform. The different sections’ colors refer to the magnitude of the peak discharge with respect
to the fixed threshold for alarm (yellow) and alert (red). Green and white colors refer to discharge
increasing but still below thresholds and discharge not increasing or decreasing, respectively.

Figure 6. Hydrograph probabilistic forecast obtained by clicking on red sections represented in
Figure 5 on MyDewetra platform Ponte Giaretta above and Lentini.
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3.3. The Hydrological Monitoring

Flood-PROOFS also allows to monitor the event. When rainfall starts, it is possible to
use meteorological observations to guide hydrological modeling and monitor the space–
time evolution of the effects of the meteorological event. In the run with the observations,
the hydrological simulation is performed using only observed meteorological variables.
Figure 7 shows the severity of the event expressed as return period of the discharge
estimated according to model climatology. The model’s climatology was conducted by
performing a run of the hydrological model on an historical period (2007–2020); then,
maximal annual discharge values were extracted from the simulation results, and the
statistics were calculated. Flood-PROOFS highlighted the most severely affected areas—
including the Catanian plain, the villages of Scordia and Ogliastro (panel A), and Messina
and Reggio Calabria (panel B). Many basins hit by intense precipitation (in the night
between 24 and 25 October 2021) achieved a return period of the discharge around 20–
50 years, highlighting the most severely affected areas. A good agreement between the
forecast (Figure 5) and the monitoring tool (Figure 7) is observed. The areas hit by the
most intense part of this event (high return period in the monitoring tool) are the same red
sections pointed out by the forecast.

Figure 7. OCTOBER 25 at 09:30 UTC: FloodPROOFS—Event severity expressed as discharge return
period estimated according to model climatology. This monitoring tool of the modeling chain
highlights the most severely affected areas (run on observations). (A): Catanian plain, Scordia, and
Ogliastro (Catania). (B): Messina and Reggio Calabria.
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The Flood-PROOFS results are uploaded on the MyDewetra platform to be easily
accessible and visualized. The platform is updated in near real time whenever new ob-
servations or modeling results become available during the event to help the Italian Civil
Protection monitoring system. All the figures are screenshots from MyDewetra. Comments
on the performances of the streamflow forecast are in the next section, where the hindcast
experiment is introduced.

3.4. Flood Mapping with 2D Hydraulic Model

To support the field activities of the Civil Protection in the immediate post-event,
we used the TELEMAC-2D hydraulic model to map the flooded areas of the Catanian
floodplain (red dot in Figure 2). The TELEMAC-2D model was coupled with the Continuum
model receiving the hydrographs simulated by the run on observation to represent the
dynamic evolution, in space and time, of the floods in floodplains. Figure 8 shows the
results of TELEMAC-2D for the Catanian floodplain (Sicily) in terms of maximum water
depth (left panel) and maximum water velocity (right panel) for the event that hit the area
between the 24th and 25th of October 2021.

Figure 8. Results of TELEMAC-2D coupled with the Continuum; maximum water depth (on the
left) and maximum water velocity (on the right) for the event that hit the Catanian floodplain 24–25
October 2021.

3.5. Flood Mapping from Satellites

Another step along the chain used in this event was the use of a recent tool developed
by the CIMA foundation and the Italian Civil Protection Department, AUTOWADE, to
detect flooded areas from satellites.

For the Apollo Medicane, the first available S1 data were acquired on Oct 25th 2021 at
05:00 UTC (orbit 124). As preflood image, an acquisition from the same orbit performed on
19 October 2021 at 05:00 UTC was used. The AUTOWADE-derived flood map was made
available to the end user on 25 October 2021 at 13:00 UTC. By using both S1 and COSMO-
SkyMed (CSK) data, a continuous monitoring of the flood evolution was performed. In
particular, the following flood images were also used to produce flood maps in addition to
those acquired on 25 October:

• S1—25 October 2021 at 17.00 UTC
• CSK—27 October 2021 at 16.45.
• CSK—28 October 2021 at 16.45.
• CSG 2nd generation—30 October 2021 at 04.30.
• S1—31 October 2021 at 05.00 UTC.

Figure 9, panel A, shows an RGB composite produced using the calibrated (backscat-
tering coefficient s0 [dB]) and geocoded images acquired by S1 over eastern Sicily (Catania
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and Siracusa districts) on 19 October 2021 (red) and 25 October 2021 (green and blue),
both at 05:00 UTC. Flooded areas appear in red tone in the RGB composition, because the
presence of floodwater produced a significant decrease in s0, as previously discussed. Note
that permanent water appears in dark tone because s0 was low on 19 October, too. The
same applies for very smooth surfaces such as airport runways. AUTOWADE is able to
automatically detect floodwater and distinguish it from permanent water. The detection is
based on automatic thresholding applied to both the flood image and the difference image
(difference in dB between the flood and preflood images). Considering that automatic
thresholding does not work well if water covers a small fraction of the image (as usually
occurs in temperate regions), AUTOWADE uses an edge detection filter to reduce the
number of input pixels to those placed near the water–land edges. For this purpose, an
ISODATA clustering algorithm is preliminary applied for the purpose of a first-guess iden-
tification of water surfaces. After having determined the thresholds to identify permanent
water and floodwater, AUTOWADE accounts for the spatial context by applying a region
growing algorithm (RGA), whose seed region corresponds to the set of pixels identified
by applying the thresholds. RGA grows these seeds into regions by successively adding
neighboring pixels to them. The map of the flooded area generated by AUTOWADE is
shown in Figure 9, panel B.

Figure 9. Panel (A): RGB false color image produced using the S1 data acquired on 19 October 2021
(red) and 25 October 2021 (green/blue). Panel (B): Flooded areas map generated by AUTOWADE
using the S1 images shown in Panel (A). Cyan: floodwater; blue; permanent water.

As previously pointed out, AUTOWADE was used to monitor the flood evolution
until 31 October 2021. The following S1 acquisition along orbit 124 was performed on 31
October, at 05:00 UTC. Figure 10, panel A, is analogous to Figure 9, panel A, but with the
backscattering measured on 25 October replaced by that measured on 31 October. It can be
noted that floodwater was still present six days after the day when the flood occurred and
that, even in the Siracusa district, floodwater was present. Figure 10, panel B, shows the
corresponding map.

To cope with the latency of S1 images between 25th and 31st October, the Italian
Space Agency (ASI) made available two COSMO-SkyMed (CSK) images and one COSMO-
SkyMed second-generation (CSG) image. AUTOWADE was adapted to work with X-band
SAR data, too, like those provided by CSK and CSG. On the one hand, the use of CSK
and CSG allowed AUTOWADE to produce flood maps with higher spatial resolution (5 m
instead of 20 m). On the other hand, the lack of preflood images acquired with the same
configuration of measurement of the flood images prevented AUTOWADE from applying
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change detection. This implied a decrease in the accuracy of the flood map and made it
difficult to distinguish permanent water from floodwater. Nevertheless, to the best of our
knowledge, the map produced using CSG data, shown in Figure 11, represents the first
flood product generated using this sensor. By comparing Figure 10, panel B, with Figure 11,
it can be noted that more water is present in the former figure, although it was produced
using SAR data acquired one day later. This is due to the lack of a preflood CSG image
underlined above, which hampered a profitable application of a change detection approach.

Figure 10. Panel (A): RGB false color image produced using the S1 data acquired on 19 October 2021
(red) and 31 October 2021 (green/blue). Panel (B): Flooded areas map generated by AUTOWADE
using the S1 images shown in Panel (A). Cyan: floodwater; blue; permanent water.

Figure 11. Map of flooded areas generated by AUTOWADE using the CSG image acquired on 30
October 2021 at 04:30 UTC.

3.6. Flood Depth Estimation with FwDET

Starting from the flooded area obtained from satellite observations and the 2 m-
resolution DEM, it was also possible to estimate the water depth using the The Floodwater
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Depth Estimation Tool (FwDET). Figure 12 in the right panel shows the results obtained
from the FwDET application fed by the AUTOWADE flooded areas.

Figure 12. Water depths maps for the Catanian floodplain (Sicily) from TELEMAC-2D (left panel)
and FwDET tool (right panel).

Thus, from this chain in near real time, we obtained two different water depth maps,
one coming from the TELEMAC-2D model driven by weather observation and another
one coming from the FwDET tool fed by both Sentinel-1 and CosmoSkyMed flooded
areas retrieved with AUTOWADE (Figure 12). The comparison between the water depth
produced by TELEMAC-2D (Figure 12, left panel) and FwDET (Figure 12, right panel)
shows differences in the flooded area. This comparison emphasizes the benefits and
limitations of individual approaches, even if the overall degree of agreement is noticeable;
especially for fast floods, the timing of the satellite passage is not synchronous with the
flooding peak, and this can lead to an underestimation of flooded area detection. The
hydraulics modeling is affected by the correct estimation of the boundary condition of the
flood (peak value of discharge estimated by hydrological modeling) and by the accuracy of
the DEM and its ability to include small embankments.

Thus, the best map is obtained by the merging of these two water depth maps in a
unique one by taking for each pixel the maximum value between the two maps. Figure 13
shows the result obtained combining the two different water depth sources. This map
obtained in near real time can help to evaluate the most affected areas and estimate damages
in a very short time after the events hit the area.

Figure 13. Water depth map obtained for the Catanian floodplain (Sicily) from the merging of
TELEMAC-2D and FwDET tool results.
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3.7. Hindcast Experiments to Improve the Forecasting Chain

In an hindcast experiment, the meteorological forecast was run again using the WRF-
DA setup, allowing the assimilation of reflectivity radar and temperature data (Figure 14).
The WRF-OL configuration already provided a forecast close to the observed event, as
demonstrated by the high Total Interest value obtained during the validation process
(Table 2). Moreover, in this case, the MODE validation was applied to the WRF-DA forecast
to assess the assimilation value added (Table 3). Despite the starting point having already
high performing scores, the Total Interest grows for the 150 mm threshold from 0.95 to 0.97
and from 0.91 to 0.95 for the 200 mm threshold, showing an improvement achieved with
the WRF-DA setup.

Table 3. WRF-DA forecast validation through the MODE tool.

CEN
DIST

ANG
DIFF

FCST
AREA

OBS
AREA

INTERS
AREA

UNION
AREA

SYMM
DIFF

FCST
INT50

OBS
INT50

FCST
INT90

OBS
INT90

TOT
INT

150 mm 12.6 3.04 1251 715 580 1386 806 196 194 364 275 0.97
200 mm 16.3 0.29 579 240 185 634 449 266 248 483 334 0.95

Figure 14. Observed (Panel (A)) and modeled (WRF-DA, Panel (B)) 48 h cumulated rainfall between
24–26 October 2021.
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Comparing Figures 4 and 14, it is possible to highlight that the WRF-DA setup
(Figure 14, panel B) allows to reduce the rainfall overestimation provided by the WRF-OL
configuration (Figure 4, panel B) in the areas that were not hit by the most intense part of
the event, as highlighted by the observed rainfall map (Figures 4 and 14, panels A).

Moreover, the WRF-DA was used as input of the Flood-PROOFS hydrological chain to
evaluate the benefit and the predictive skills of the meteorological assimilation. Figure 15
shows the stream flow forecast of this configuration, even with the assimilation, and red
dots highlight that the peak discharge forecasts were always exceeding the red threshold in
all river sections of eastern Sicily in the night between 24 and 25 October.

Figure 15. OCTOBER 24 09 UTC: Flood-PROOFS stream flow deterministic forecast using WRF-DA
of the 24 October at 00 UTC as input.

By using the forecast hydrographs of Flood-PROOFS with WRF-DA, a run of the
TELEMAC-2D hydraulic model led to forecast floodable areas; Figure 16 is a comparison
between the forecasting of the floodable area (on the left) and the flooded area using
Flood-PROOFS with ground data. The forecast floodable areas overestimates the ground
data flooded areas but, nevertheless, having the information of potentially floodable areas
in advance would allow better assessments and better civil protection planning for the
post-event phase.

Since no streamflows observations are available for the regions, we use the run of
the hydrological model fed by observations as benchmark (reference hydrograph), as
commonly used in the literature (e.g., [30,41]). In particular, the peak flows from the
benchmark run, which occurred in the morning of 25th of October, were compared with
the peak flows forecast of the 24th of October.

The comparison is performed on a set of basins in Calabria and Sicily, where peak
flows forecast or peak flows from the benchmark exceeded the warning thresholds. Since
the WRF-OL forecast is performed using a probabilistic approach as in [42], we reported
minimum and maximum peak flows of the ensemble.

Table 4 reports the results of the comparison; it shows the basins where a streamflow
threshold [25] is exceeded, and therefore the section is marked with a red color on the my-
Dewetra platform (as explained in Figure 5 caption). In these cases, both the configurations
(WRF-OL and WRF-DA) give good results, even if the peaks are slightly underestimated in
WRF-DA and overestimated in WRF-OL.
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In the cases of the Simeto, Anapo, and Bonamico basins, the overestimation of the
forecast is quite high for both configurations, and similar conditions occur in the Amendola
basins, even if the WRF-OL configuration has a lower overestimation. The Petrace basin
evidences a small underestimation of the Open-Loop configuration, while DA weakly
overestimates the peak flow. The selected basins have a drainage area ranging from 50
to 4000 km2; especially for smaller basins, the intrinsic uncertainties of meteorological
forecasts contrast with the spatial scales of the catchments [43,44]. This led to consider
the hydrological forecast as highly reliable on a subregional warning scale rather than
evaluating the results on individual basins; this technique is called the multi-catchment
probabilistic approach [45], and the prediction is based on the elaboration of the flood
forecast made on a number of small catchments that belong to the same predefined region,
in order to issue a unique forecast that is valid for the entire region. In Italy, warning
areas are defined by regional laws. From this perspective, even if the streamflow forecast
is not quantitatively correct for all the basins, the magnitude of the event is very well
captured in all the chain configurations and supported meteo/hydrological offices for
warning purpose.

Table 4. Comparison between forecasts and benchmark peak flows. Threshold – criticality is a value
of flow for which criticality as flooding or other ground effects happen; the benchmark is the run
on observation peak flow; WRF-DA is the forecast chain fed with WRF model that assimilates both
radar and ground temperature data; WRF-OL is the forecast chain without assimilation.

Threshold Criticality Benchmark WRF-DA WRF-OL Prob.

Basin Section Qpeak
[m3/s]

Qpeak
[m3/s]

Qpeak
[m3/s]

QpeakMin
[m3/s]

QpeakMax
[m3/s]

Lentini Lentini 403 767 532 968 1100
Anapo Siracusa 467 85 507 297 331
Simeto Reitano 1742 1492 4093 5200 5600

Alcantara Chianchitti 942 1340 1467 1049 1446
Catona Reggio Calabria 83 98 137 54 97

Amendola Calimara 330 267 796 294 401
Petrace Rizziconi 756 620 709 428 556

Bonamico Casignana 349 255 756 353 542

Figure 16. Comparison between forecast flooded area (left panel) using WRF-DA forecast run of
24 October at 00UTC and flooded area using ground data as input for Flood-PROOFS (right panel).

4. Concluding Remarks

Because of the ongoing changing climate, extreme rainfall events’ frequency at the
global scale is expected to increase, thus resulting in high social and economic impacts. A
full Meteo/Hydro/hydraulic forecasting chain combining heterogeneous observational
data sources is a key element of a complete Early Warning System; it supports decision
makers (e.g., Civil Protection Authorities) to correctly predict these events, monitor them,



Remote Sens. 2022, 14, 6348 20 of 22

and evaluate their effects and damages, speeding up the response and recovery. In this
context, the CIMA Foundation, using the cloud-resolving WRF without (WRF-OL) and
with the in situ weather stations’ data assimilation (WRF-3DVAR), the fully distributed
hydrological model Continuum within Flood-PROOFS, the automatic system for water
detection (AUTOWADE), and the hydraulic model TELEMAC-2D, operated in real time
(or near real time) to predict the weather evolution and the corresponding hydrological
and hydraulic impacts of the Apollo Medicane between 24 and 26 October 2021 over the
Sicily and Calabria regions. The WRF-OL simulation (available at 00UTC, 24 October 2021)
showed a very good predictive capability concerning the timing and the location of most
intense rainfall phenomena over Catania and Siracusa provinces in Sicily, thus also enabling
very accurate discharge peaks and timing predictions for the creeks’ hydrological network
peculiar of eastern Sicily. Based on the WRF-OL model predictions, the daily run of the
AUTOWADE tool, using Sentinel-1 (S1) data, was anticipated with respect to the schedule to
quickly produce a flood map (S1 acquisition performed on 25 October 2021, at 05 UTC, flood
map produced on the same day at 13 UTC). Moreover, considering that no S1 images of
eastern Sicily were available during the period of 26–30 October, 2021, an ad hoc tasking of
the COSMO-SkyMed satellite constellation was performed to overcome the S1 data latency.
The resulting automated operational mapping of floods and inland waters was integrated
with the Floodwater Depth Estimation Tool, FwDET, forecast to obtain water depth maps
from satellite observations. Subsequently, the execution hydraulic model TELEMAC-2D
starting from the Flood-PROOFS peak discharge forecast on observations allowed to obtain
both water depth and water velocity evolution in time and space. The water depth results
obtained with the two different tools were combined to overcame the intrinsic limits of the
single approaches to obtain a more complete water depth map in near real time to highlight
the most affected areas and estimate damages. Eventually, a further experiment was
performed in hindcast mode to evaluate the value added of a forecasting chain including
data assimilation in the meteorological part and to assess if it is possible to obtain a
hydraulic impacts map not only during the monitoring phase but also in the forecasting
one. Thus, the Flood-PROOFS deterministic hydrological forecast and the TELEMAC-2D
forecast were performed with the WRF-DA simulation (instead of using only observations
as in during the monitoring phase). This experiment showed that the data assimilation
allows to obtain further forecast improvement, especially in terms of rainfall overestimation
reduction, and the use of TELEMAC-2D with simulation could also help highlight the most
hit areas during the forecasting phase, not only during the monitoring one. Moreover, on a
set of basins located in Sicily and Calabria, the performances obtained with the WRF-OL
simulation and the WRF-DA hindcast experiment as input to the hydrological model were
compared in terms of peak flows with respect to a benchmark simulation run using the
meteorological observations to feed the hydrological model. Both the configurations give
good results, and in some sections the WRF-DA configuration was able to improve the
forecast, while in some others, a slight overestimation still persists in both configurations.
Such a complex chain was run on this use case as an example of how the cooperation of
different research fields such as meteorology, hydrology, hydraulics, Earth Observations,
and ICT can enable a step change in how high-impact weather events can be predicted and
monitored with a rich portfolio of observational data assimilated and the full exploitation of
high performance and cloud computing facilities. In this work, the complete chain is tested
on a long-lived event allowing to deeply explore instruments and possible improvements
both in the forecasting and monitoring phase. Future works will be devoted to also develop
a meteo-hydrological chain for nowcasting procedures to better improve the forecast and
for very localized (in time and space) intense events. meteo-hydrological chain.
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