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Abstract: The uncertainties that affect hydrometeorological modelling chains can be addressed
through ensemble approaches. In this paper, a convection-permitting ensemble system was assessed
based on the downscaling of all members of the ECMWF ensemble prediction system through the
coupled atmospheric-hydrological WRF-Hydro modelling system. An exemplary highly localized
convective event that occurred in a morphologically complex area of the southern Italian coast
was selected as a case study, evaluating the performance of the system for two consecutive lead
times up to the hydrological forecast on a very small (11.4 km?) catchment. The proposed approach
accurately downscales the signal provided by the global model, improving up to almost 200% the
quantitative forecast of the accumulated rainfall peak in the area affected by the event and supplying
clear information about the forecast uncertainty. Some members of the ensemble simulations provide
accurate results up to the hydrological scale over the catchment, with unit peak discharge forecasts
up to 3 m3s71-.km~2. Overall, the study highlights that for highly localized convective events in
coastal Mediterranean catchments, ensemble approaches should be preferred to a classic single-based
simulation approach, because they improve the forecast skills and provide spatially distributed
information about the forecast uncertainty, which can be particularly useful for operational purposes.

Keywords: atmospheric-hydrological forecasting chains; convection-permitting models; ensemble
forecasting systems; ECMWEF ensemble prediction system; lead time; WRF-Hydro; southern Italy;
Mediterranean; coastal systems; convective storms; uncertainty

1. Introduction

The coupled weather-hydrological forecasting chains, whose development has undergone a
decisive acceleration in recent years, represent potentially invaluable tools for the management of
emergencies and civil protection purposes [1] since they allow both the forecast of atmospheric events
and the estimate of their hydrological impact on the ground. Nevertheless, both the main components
of such complex systems, i.e., the atmospheric and the hydrological models, are subject to so many
uncertainties [2,3] that an approach based on single simulations is most often not enough, but it needs
to be supported or even replaced by a probabilistic approach based on multiple forecasts (e.g., [4]).
The awareness of the high uncertainty lying behind the weather forecasting emerged soon [5], leading
to the development of global ensemble prediction systems like, e.g., the Ensemble Prediction System
(EPS), which has been operational since 1992 [6] at the European Centre for Medium-Range Weather
Forecasts (ECMWF).

The need to estimate in greater detail the extent and intensity of the predicted atmospheric
phenomena and the related impact on the ground has been answered by the growing availability of
mesoscale models able to perform the dynamical downscaling of forecasts provided by the global
models, giving rise to the development of high-resolution ensemble forecasting systems operating at
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convection-permitting resolutions [7]. Many studies based on such systems focus on meteorological
variables, above all precipitation (e.g., [8-13]). Some other studies incorporate specific aspects (e.g., [14]
perturbed the physical parameterizations; [15] and [16] addressed initial conditions perturbations).
Nevertheless, increasing examples of coupled ensemble atmospheric-hydrological systems are available,
where the Quantitative Precipitation Forecast (QPF) is the main input of the hydrological models
(e.g., [17-21]).

Localized highly convective episodes are particularly challenging in terms of both QPF and,
consequently, the hydrological response, especially in those regions characterized by a complex
orography, where errors of a few kilometers in localizing a given precipitation event, which is still a
valuable result in terms of the weather forecast, can provide a rather different hydrological scenario,
shifting the flood forecast from one catchment to another. The Mediterranean Basin is a morphologically
complex region of the world typically affected by convective episodes, and, in fact, it has been identified
as a hot spot of climate change [22], where the intensity and frequency of high-impact weather events
are bound to increase [23,24]. In this area, the increasingly complex challenge of efficient and effective
hydrometeorological forecasting is also addressed through convection-permitting ensemble forecasting
systems (e.g., [25-28]).

The Calabria region at the southern tip of the Italian peninsula, placed in the middle of the
Mediterranean Basin, is particularly prone to high-impact episodes, producing noteworthy ground
impact with damages and, not seldom, loss of human lives [29]. In this area, the effects of the large
gradients between the cooler atmosphere and the warmer sea surface, typical of summer (mainly
because of isolated cut-off lows) and autumn (generally connected to frontal systems) seasons, are
amplified by the steep orography close to the coast, leading to intense convective precipitation very
often characterized by orographic enhancement.

This study aimed to assess the potential benefit of an ensemble approach on the predictability of
highly localized convective events in Calabria by analyzing them up to the hydrological-scale impact
with a case study that occurred in summer 2015. The analysis was performed using the WRF-Hydro [30]
modelling system, composed by the Weather Research and Forecast (WRF) mesoscale model [31],
allowing high-resolution (in the order of 10> m) convection-permitting downscaling of the boundary
conditions provided by 50 members of the ECMWF EPS for two consecutive lead times, and its
hydrological extension providing detailed information about the impact on the ground at a resolution
in the order of 102 m, which is suitable to medium and small-size catchments’ hydrological modelling.
Therefore, a case study concerning a complete hydro-meteorological ensemble forecasting chain is
proposed, where the uncertainty is accounted only for the atmospheric modelling, and then cascaded
throughout the forecasting chain. This choice is explained both by the fact that the meteorological input
is generally supposed to be the main source of uncertainty in short-range hydrological forecasts (even
though this assumption is debatable, according to [32]) and by the purpose of clearly highlighting, for
the sake of clarity, only the effects of the meteorological uncertainty, evaluating also its magnitude with
different forecast lead times.

The described research followed and aimed to integrate a previous analysis already performed for
the same event [33], which showed the limits of a single-based simulation approach, even supported
by variational data assimilation techniques, for the accurate predictability of both the meteorological
and hydrological features. Specifically, among the different mesoscale model boundary conditions
investigated in [33], the most suitable were selected and used as a starting point for the analysis shown
in this paper. Therefore, the choice of the summer 2015 event is justified by a combination of features
that makes it almost unique in the analyzed region, since it is: (1) A relatively recent high-impact
event (with almost 250 mm of rain in 24 h); (2) a highly localized event, whose signal was recorded by
only one weather station of the dense Calabrian monitoring network; and (3) an already well-studied
event, simulated with varying boundary conditions and with/without data assimilation techniques.
These features allow it to be considered as an exemplary case study, from which general conclusions,
applicable to similar events, can be drawn.
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In the following, Section 2 describes the study area and the weather event analyzed and provides
details about the modelling approach and the validation strategy. Section 3 shows the results of the
coupled meteo-hydrological analysis, while Section 4, finally, discusses the main findings achieved,
summarizes the main conclusions, and provides insights for future research.

2. Materials and Methods

2.1. Study Area and Modelling Approach

Calabria is the southernmost Italian peninsula (Figure 1), surrounded by the Tyrrhenian Sea
(western coast) and the Ionian Sea (southern and eastern coast). Despite its proximity to the sea,
more than 40% of its total area of about 15,000 km? is higher than 500 m above the sea level (a.s.L).
The orographic features play a fundamental role in the development of high-impact events, hitting
especially (but not exclusively) the eastern coast [34-39].

The limited area model (LAM) used in this study is the Weather Research and Forecasting—
Advanced Research (WRF-ARW, [31]) version 3.7.1, with two one-way nested domains (Figure 1),
whose main properties are shown in Table 1. The same table also reports the physics parameterization
of the mesoscale model (which is the same used by [33,40]), together with information about the initial
and boundary conditions (ICs and BCs, respectively) provided by the high-resolution simulation and
both the ensemble control and member simulations of the reference Global Circulation Model (GCM).
Considering the problems related to the spatial interpolation of the Sea Surface Temperature (SST)
variable arisen with the ECMWE-EPS, which were also found in previous studies [33,39], Table 1 also
provides information about the lower (SST) initial and boundary conditions used.
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Figure 1. WRF computational domains (dashed lines). The outermost domain D01 is centered over the
central Mediterranean Sea, and the innermost D02 is centered over the Calabria region, whose northern
border is highlighted with a black bold line.
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Table 1. Main features of the simulations performed in this study.

WREF Physics Parameterization

Component Scheme
Microphysics Lin-Purdue [41]
PBL MJY [42]
Shortwave Radiation Dudhia [43]
Longwave Radiation RTTM [44]
Land Surface Model Unified NOAH [45]
Surface Layer Eta Similarity [46]
Cumulus Kain-Fritsch (D01) [47]
WRF Domains Space and Time Resolutions
D01 10 km (205 x 187 grid points), 60 s
D02 2 km (200 x 200 grid points), 12 s

Vertical layers 44 terrain-following layers above the surface and 4 layers in the soil
WREF Initial and Boundary Conditions (ICs and BCs)

GCM ICs and BCs ECMWE-EPS, reference IFS Cycle 41r1 [48]
HRES: High-resolution simulation at 16 km resolution

LRES_CON: Ensemble control simulation at 32 km resolution
50 perturbations are applied to the initial conditions of the GCM, based on a
LRES_ENS: o . . .
multivariate Gaussian sampling technique [49]
Native SST fields replaced with the Medspiration L4 Ultra-High Resolution SSTfnd
product as a daily mean at a resolution of 0.022° [50,51]. The sst_update and the
Lower BCs (S5T) sst_skin [52] options were also activated, which permit dynamic SST and allow the
system to simulate the daily SST cycle, respectively
WRF-Hydro Main Features
Land Surface Model Unified NOAH, 2 km resolution
Active modules Subsurface, surface and channel water routing
Input from WRF Precipitation and pressure on the grourvld,. air temperature and humidity, wind
speed and solar radiation (1 h time step)
Resolution 200 m (2000 x 2000 grid points), d%saggregahon factor with respect to the
atmospheric model of 1/10
Initialization Time and Range of the Simulations
0000 UTC 0000 UTC 11 August 2015 (48 h range)
1200 UTC 1200 UTC 11 August 2015 (36 h range)

The atmospheric-hydrologic modelling chain was completed by the WRF Hydrological
(WRF-Hydro) modelling system version 3.0 [30], used in one-way mode (i.e., without considering any
feedback to the atmosphere of the surface and subsurface water routing operated by the hydrological
model). WRF-Hydro is a model coupling framework designed to link multi-scale process models of
the atmosphere and terrestrial hydrology [53], which allows the mesoscale model to be connected to a
semi-distributed hydrological model. In its turn, the latter couples a monodimensional land-surface
scheme to algorithms allowing the two-dimensional horizontal flow of the water over the land surface
and in the subsurface layers, groundwater models, and flow routing models along the channel. Both
one-way and fully-coupled versions of WREF-Hydro have been successfully tested in the Mediterranean
region with both short-term and long-term simulations (e.g., [54-56]). In this study, due to the short
duration of the event analyzed, the groundwater model was not activated. More information about
the WRF-Hydro modelling details for this study is provided in Table 1.

2.2. Case Study

The analyzed case study concerns intense and rather localized precipitation that occurred in the
first hours of 12 August 2015 and affected almost only a small area in the north-eastern side of the region
(Figure 2a), corresponding to the municipalities of Corigliano Calabro and Rossano [57]. The synoptic
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analysis shows that the event was due to a cut-off low generated over the Atlantic, which reached the
central Mediterranean some days after, entailing the advection of the convective cells that developed
over the Ionian Sea towards the impacted area, corresponding broadly to the coast and the first slopes
of the Sila Plateau (Figure 2b). Figure 2a shows the spatial distribution of rainfall observations on
the ground provided by the Centro Funzionale Multirischi—ARPACAL of the Calabria Region and
detected by the radar network managed by the National Civil Protection for 24 h between 1800 UTC
on 11 August 2015 and 1800 UTC on 12 August 2015. It is noteworthy that the Corigliano rain gauge
recorded 246.6 mm in 24 h, of which 223.2 mm in only 12 h, corresponding to a return-time period of
151 years, and 167.4 mm in 6 h, corresponding to a return-time period of 179 years (Figure 2c). The
starting times selected for the two ensemble simulations performed in the study were 0000 UTC and
1200 UTC on 11 August 2015 (Table 1), allowing lead times of about one day and half-day, respectively,
to the time when the highest rainfall intensity started.

Among the several small and very small catchments affected by the event, the most relevant
hydrological impact concerned the Citrea creek, a small coastal catchment extending for only 11.4 km?
(Figure 2b). The length of the creek is 9.6 km, while the basin has an average elevation of 236 m a.s.1.
(maximum elevation of 785 m a.s.l.), an average slope of 9.6%, and a lag time estimated between
15 and 20 min. According to the Corine Land Cover 2018 project [58], about 28% of the catchment
area is covered by artificial surfaces, 49% by agriculture areas, and the remaining 23% by forest and
semi-natural areas. Unfortunately, neither discharge nor hydrometric observations are available for
the Citrea creek; therefore, the hydrological model was not calibrated and the default parameterization
was chosen, which, however, was enough for the aims of this study, whose objective was to explore the
added value of an ensemble forecasting chain to the predictability of the event rather than estimating
specific hydrological quantities, such as, e.g., peak flow.
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Figure 2. (a) The accumulated precipitation observed by the regional monitoring network (dots),
overlying the meteorological radar observations during the interval between 1800 UTC, 11 August
2015 and 1800 UTC, 12 August 2015; regional borders are shown together with the coastlines; (b) zoom
of the study area highlighting both the local orography and river network, which shows a distance
lower than 8 km between the Citrea creek catchment and the Corigliano rain gauge; the location of the
municipality of Rossano (old city) is indicated with a blue point; (¢) cumulative and hourly observed
hyetograph (mm) at the Corigliano rain gauge.
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2.3. Validation Strategy

Given the peculiarity of the event, which essentially interested only one rain gauge, the
performances of the 51 (50 ensemble members and the control run) weather simulations for each of the
two ensemble forecasts were assessed, developing a tailored approach.

Concerning the spatial pattern of the simulated precipitation, the rainfall fields produced by
the ensemble members were accumulated over 24 h, performing later over the whole domain D02 a
cell-by-cell statistical analysis, which led to maps of the mean values, standard deviation, and different
percentiles. Such analysis allowed, in particular, the spatial variability of uncertainty to be highlighted.

Concerning the comparison with observed rainfall in the analyzed area (i.e., with the observations
at the Corigliano rain gauge), since radar data underestimate observations and the event is extremely
localized, the analysis focused on a square box with an 80 km side (i.e., 1600 grid points), centered on
the Corigliano rain gauge and including the Citrea creek catchment. Within this box, for each weather
simulation, the maximum cumulative value over 24 h and its position within the domain D02 was
identified and, for the relative grid point, the rainfall time series was extracted.

Finally, concerning the evaluation of the hydrological impact, for each ensemble member,
the averaged precipitation amount over the Citrea creek catchment was assessed. Furthermore,
the discharge series calculated by the WRF-Hydro model, starting from initial conditions provided by
the ERA-Interim [59] reanalysis, were evaluated in terms of the peak flow time and hydrograph shape.

3. Results

3.1. Meteorological Ensembles

Though its increasingly higher detail, the ECMWEF Integrated Forecasting System (IFS) does not
provide an adequate spatial resolution (both as high-resolution and ensemble forecasts) for capturing
highly localized convective episodes, such as that analyzed. Table 2 shows for the two starting times of
the simulation (0000 UTC and 1200 UTC on 11 August 2015, respectively) that, if the precipitation rate
is evaluated for a relatively wide area equal to the innermost domain, the amounts estimated by the
GCM and the LAM are comparable (starting time 0000 UTC) or even the GCM amount is significantly
higher than the LAM (starting time 1200 UTC). Nevertheless, if the analysis is tightened around the
Corigliano rain gauge, the GCM cannot provide realistic information, estimating rainfall peaks equal
about from one-third to one-half of those provided by the mesoscale model and from one-tenth to
one-seventh of that observed (with starting time 0000 UTC and 1200 UTC, respectively). In particular,
in both the forecasts, only 2 out of the 50 members of the ensembles estimate accumulated rainfall
amounts to close to 100 mm-24 h~1, while 29 and 15 members, with a starting time of 0000 UTC and
1200 UTC, respectively, do not reach 30 mm-24 h~!. The GCM underestimations are tightly connected
to its coarser resolution compared to the LAM, which both averages precipitation values over larger
grid areas (i.e., from 22 to 162 or 322 km?) and, mainly, flattens the complex orography simplifying the
morphological features of the area. Therefore, a downscaling approach, either statistical or (such as in
this case study) dynamical, is unavoidable.

Focusing on the WRF downscaled forecasts, it is noteworthy that the average value of the rainfall
peaks of the ensemble forecast near the Corigliano rain gauge increase of about 30% from the first
(0000 UTC) to the second (1200 UTC) forecast, while the high-resolution and low-resolution control
simulations peaks slightly decrease.

Figures 3 and 4 relate to forecast starting times of 0000 UTC and 1200 UTC, respectively, and
provide outlooks on the overall behavior of the downscaled ensemble simulations. Concerning the
forecast starting at 0000 UTC, the low-resolution control simulation (Figure 3a) forecasts some relevant
rainfall peaks both over the Ionian sea (at about the coordinates 39° N, 18° E; about 130 km from the
centroid of the Citrea creek) and over the land, on the Tyrrhenian coast (about 39° N, 16° E; about
70 km from the Citrea creek) and on the northern (near the location where the event actually occurred)
and southern Ionian coastline. In the latter location (about 38.5° N, 16.5° E; about 110 km from the
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Citrea creek), the highest rainfall peak over the land (>100 mm-24 h~!) is forecasted, not corresponding,
however, to the observations (Figure 2a). The ground monitoring network highlights noteworthy
accumulated precipitation (>40 mm), besides the Corigliano area, only along the southern Tyrrhenian
coast and at the southernmost bottom of the peninsula. The control simulation of the ensemble forecast
starting at 1200 UTC (Figure 4a) does not provide more detailed information, showing a bit drier
pattern over the northern Ionian coast. Both in the 0000 UTC and 1200 UTC forecasts, each of the 50
perturbed simulations shows rainfall patterns like the respective low-resolution control simulations,
with localized peaks especially in the eastern side of the domain. However, while in the 0000 UTC
forecast, on average, no particularly intense rainfall is expected (the pattern in Figure 3b is explained
by the fact that the locations of the rainfall peaks forecasted by the ensemble simulations are rather
scattered), some more detailed information is given by Figure 4b, relating to the 1200 UTC forecast,
where some rainfall peaks are more evident. The highest mean values in the 0000 UTC forecast are
found along the Tyrrhenian coastline where the low-resolution control simulation erroneously forecasts
rainfall rates of about 70-80 mm-24 h~!. The same peak (more intense) is found in the 1200 UTC
forecast, together with another one in the south of the region. The standard deviation maps (Figures 3c
and 4c) are more interesting since they account directly for the forecast uncertainty. Over the land, the
highest standard deviation values are found roughly in the same locations where the low-resolution
control simulations forecast the highest peaks, i.e., on the Tyrrhenian coast (about 39° N, 16° E; about
70 km from the Citrea creek), the southern Ionian coast (about 38.5° N, 16.5° E; about 110 km from the
Citrea creek), and where the analyzed event occurred, i.e., in the Corigliano area. The high standard
deviation entails higher rainfall rates in the percentile maps. As an example, the 80th percentile map
in Figure 3d shows, together with a couple of incorrectly forecasted peaks (on the Tyrrhenian and
southern Ionian coasts, respectively), that intense rainfall is correctly forecasted both in the extreme
south of the peninsula and, mainly, in the Corigliano area, even though at rates still considerably
lower than observations. Figure 4b confirms the same behavior in the 1200 UTC forecast, with higher
rainfall amounts.

Table 2. Average accumulated precipitation in the innermost domain and rainfall peak in an 80 km-side
square box centered on the Corigliano rain gauge in the period 1800 UTC, 11 August 2015—1800 UTC,
12 August 2015, forecasted by ECMWF IFS and WRE. Units are in (mm-24 h~1). HRES: high-resolution
simulation; LRES_CON: low-resolution ensemble control simulation; LRES_ENS: low-resolution
ensemble simulations.

Variable ECMWF IFS WRF
HRES LRES_CON LRES_ENS HRES LRES_CON LRES_ENS
Starting time 11 August 2015 0000 UTC

Average accumulated

1
orecipitation in D02 93 85 10.6 + 3.4 95 6.6 6.7 +2.0
Rainfall peak near 229 274 31.0+222 7371 803 87.2 + 354
Corigliano

Starting time 11 August 2015 1200 UTC

Average accumulated

Dreciuitation in D02 12.7 12.1 120 £2.7 7.0 7.0 73+1.1
Rainfall peak near 393 35.1 41.4+187 63.7 70.9 112.9 + 40.0
Corigliano

1 results from [33].

Therefore, the spatial analysis of the high-resolution ensemble forecasts over the whole region
highlights that, though some false alarms are identified, a signal of the upcoming extreme event on the
Corigliano area is detected.
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Figure 3. Accumulated precipitation (mm) simulated by WRF using the ECMWEF EPS boundary

conditions (simulation start at 0000 UTC, 11 August 2015) during the 24-h-long period 1800 UTC, 11

August 2015—1800 UTC, 12 August 2015: (a) low-resolution control simulation; (b) cell-by-cell mean

of the 50 perturbed forecasts, (c) same as (b), but for standard deviation; (d) same as (b), but for the

80th percentile. The colored dot represents the Corigliano gauge station.

Focusing on the Corigliano area, both the performances in space and time of the ensemble forecasts
are assessed through the graphs in Figures 5 and 6. Specifically, Figure 5 summarizes the location,
the 24-h accumulated value, and its time correlation with observations for each of the rainfall peaks
simulated by the 50 perturbed simulations of both the 0000 UTC and 1200 UTC forecasts, together with
the respective low-resolution control and the high-resolution simulations, within an 80 km-side squared
box centered on the Corigliano rain gauge. To avoid detecting insignificant peaks, a lower threshold
of 30 mm was assumed. Almost all the simulations forecast noteworthy rainfall peaks within the
considered squared area. The peaks are detected at the border of the box (since they belong to rainfall
clusters having their maximum values outside the box itself) only for nine (5) simulations in the 0000
UTC (1200 UTC) forecast. These peaks are represented in the circles mainly gathered on the bottom-left
sides of both Figure 5a,b. As it is clear from Table 2, all simulations underestimate the observations
(their amount is 35.4 + 14.4% and 45.8 + 16.2% of the rain gauge value on average, for the 0000 UTC and
1200 UTC forecasts, respectively), yet they are quite correlated (Pearson’s correlation coefficient r = 0.85
for the 0000 UTC and r = 0.91 for the 1200 UTC forecast). In both the forecasts, the low-resolution control
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and the high-resolution simulations do not show particularly high performances, especially concerning
the rainfall amount. Since the low-resolution control simulation is equal to the high-resolution except
resolution, the distances between the peaks related to the high-resolution and the low-resolution
control simulations highlight that the effect of the boundary conditions is not negligible. On the other
hand, the relatively low performances of the high-resolution forecasts (especially with the 0000 UTC
starting time) highlight that, in this case, the higher resolution of the boundary conditions (i.e., 16
vs. 32 km) does not provide a clear benefit to the forecast accuracy. This result can be related to the
chaotic nature of the precipitation pattern in the convective event, where other sources of uncertainty
overwhelm the potentially positive effect of higher resolution boundary conditions. It is noteworthy
that the precipitation variability in the innermost domain is highly enhanced by the resolution of the
mesoscale model. For example, the correlation coefficient » between the accumulated rainfall peak
around Corigliano and the averaged accumulated rainfall in the whole domain is equal to 0.68 (0.42)
for the EPS but only to 0.02 (0.11) for the downscaled ensemble in the 0000 UTC (1200 UTC) forecast.

(a) LRES CON (b) LRES_ENS Mean

Longitude
39°N

I
16°E 17°E 18°E
Latitude

Figure 4. Accumulated precipitation (mm) simulated by WRF using the ECMWEF EPS boundary
conditions (simulation start at 1200 UTC, 11 August 2015) during the 24-h-long period 1800 UTC, 11
August 2015—1800 UTC, 12 August 2015: (a) low-resolution control simulation; (b) cell-by-cell mean
of the 50 perturbed forecasts, (c) same as (b), but for standard deviation; (d) same as (b), but for the
80th percentile. The colored dot represents the Corigliano gauge station.
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Figure 5. Location of the rainfall peaks within an 80 km-side squared box centered on the Corigliano
rain gauge for the high-resolution forecast (letter “H” inside the circle), the low-resolution control
forecast (letter “C”), and the 50 perturbed simulations, for the forecasts starting at (a) 0000 UTC and (b)
1200 UTC on 11 August 2015. The colors represent the time correlation of the series of accumulated
precipitation with observations (r is the correlation coefficient), while the size indicates the percentage
rainfall amount with respect to observations. The circles on the bottom-left and upper-right corners
account for the perturbed forecasts with rainfall peaks at the border of the boxes. The borders of the
Citrea creek catchment are also represented.

Figure 5 highlights different patterns for the locations of the highest accumulated rainfall peaks
in the 0000 UTC and 1200 UTC forecasts. In the former, most of the highest peaks are quite close to
Corigliano. Specifically, of the 10 highest peaks, 8 are less than 15 km away and 6 less than 10 km.
The peak of the simulation providing the highest rainfall amount (the ensemble member no. 36, with
204.8 mm-24 h7!) is located only 4 km west of the gauge station. On the other hand, the peaks of
the 1200 UTC forecast (Figure 5b) are generally biased towards the north-east quadrant (52% of the
members, including 10 out of the 12 highest peaks) but some of them are capable of affecting the
Citrea catchment.

The spaghetti graphs shown in Figure 6 goes into details concerning the time correlation of both
the observed and forecasted accumulated precipitation values in the Corigliano area. While they
confirm the general underestimation of the ensemble forecasts (the observed time series overlay the
first to third quartile bands only at the very beginning of the event) and the not high performances of
the high-resolution and low-resolution control forecasts, they also highlight the reasonable behavior of
some ensemble members. In particular, for the forecast starting at 0000 UTC, the rainfall time series of
the member no. 36 (i.e., the red line with the highest accumulated rainfall value in Figure 6a) reaches
an accumulated value equal to 83% of the observations and is highly correlated (» = 0.92). Members
no. 34 and no. 39 of the ensemble forecast starting at 1200 UTC provide even higher rainfall peaks
(Figure 6b), with 248.0 and 221.5 mm-24 h~!, respectively (r = 0.98 in both cases). Nevertheless, these
peaks are located relatively far from the Corigliano rain gauge, both about 26-28 km north-east, hence
the very localized rainfall pattern does not reach the mainland (not shown).

The overall high indices of the member no. 36 of the ensemble forecast starting at 0000 UTC suggest
a further more detailed analysis of this simulation. Figure 7 shows its forecasted 24-h accumulated
precipitation map from 1800 UTC, 11 August 2015 to 1800 UTC, 12 August 2015. The rainfall spatial
pattern is slightly different from that detected by the low-resolution control simulation (Figure 3a).
The precipitation amount increases considerably in the eastern side of the domain, over the Ionian Sea,
while it reduces over the western side. This behavior is a consequence of several differences in the
atmospheric features caused by the boundary conditions provided by the EPS member no. 36: More
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humid and warmer air is advected over the Ionian Sea, with integrated water vapor values of up to
50 kg-kg~! and higher potential temperature (up to about 292 K at 850 hPa) during the night (maps not
shown), entailing higher convective available potential energy (CAPE) values (over 3500 J-kg ™! offshore
the Ionian coast). Overall, the forecast provided by the ensemble member no. 36 looks more coherent
than the low-resolution control simulation with radar observations (e.g., the model can simulate the
rainfall peak detected by the radar in the northern part of the Ionian Sea shown in Figure 2a).
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Figure 6. Spaghetti graphs of the accumulated rainfall peaks around the Corigliano rain gauge shown in
Figure 5: (a) forecasts starting at 0000 UTC, 11 August 2015; (b) forecasts starting at 1200 UTC, 11 August
2015. The light red bands highlight the intervals between the 1st and the 3rd quartiles. The dotted line
indicates the HRES simulation, while the dashed line is the low-resolution EPS control simulation.

Over the land, the rainfall overestimation in the central-southern Ionian coast, already highlighted
in the ensemble low-resolution control simulation, is more widespread, while an opposite behavior is
observed for the overestimation in the Tyrrhenian coast (i.e., the extent of the area with over-forecasted
precipitation is reduced compared to the low-resolution control simulation). The main change, however,
occurs in the Corigliano area, where the scattered rainfall clusters simulated in the low-resolution
control simulation are gathered into a more intense one, which is centered almost exactly on the rain
gauge station. Nevertheless, the rainfall cluster is so highly concentrated in space that it does not
include the Citrea creek catchment. Indeed, in the analyzed 24-h interval, the ensemble member no. 36
forecasts only about 1 mm of averaged precipitation over the Citrea creek catchment area. The high



Water 2020, 12, 1545 12 0of 19

performance of the precipitation forecast at the Corigliano rain gauge does not lead to an improved
hydrological simulation in a catchment only 8 km away from the rain gauge itself.

1 2 5 10 15 20 25 30 40 50 60 70 80 90 100 125 150 175 200

Figure 7. 24-h accumulated precipitation (mm) simulated by WRF using the boundary conditions
from the ECMWEF EPS perturbed forecast no. 36 (from 1800 UTC, 11 August 2015 to 1800 UTC,
12 August 2015; starting time of the forecast 0000 UTC, 11 August 2015). The colored dot highlights the
Corigliano’s rain gauge station. The borders of the Citrea creek catchment are also represented.

3.2. Hydrological Ensembles

Figure 8 shows the hourly accumulated rainfall averaged over the Citrea creek catchment and the
resulting hydrographs achieved with the WRF-Hydro model using the ensemble low-resolution control
simulation and the 50 perturbed ensemble simulations in the 0000 UTC and 1200 UTC forecasts. Both
the highest 24-h accumulated rainfall and the highest hourly rainfall intensity in the 0000 UTC forecast
are provided by the ensemble member no. 16 (58.8 and 39.8 mm-h~! between 0200 and 0300 UTC,
respectively). The 24-h rainfall peak of this simulation within the 80 km-side squared box centered
on the Corigliano rain gauge is 112.6 mm-24 h~! and is localized not far from the Citrea creek (about
12 km to the east and 8 to the north of the Corigliano station). In the 1200 UTC forecast, the ensemble
member no. 47 provides the highest accumulated rainfall amount (78.0 mm-24 h™!) and almost the
highest hourly intensity (57.4 mm-h~! between 0600 and 0700 UTC), only slightly exceeded by the
member no. 21 (57.8 mm-h~!, again between 0600 and 0700 UTC). The 24-h rainfall peaks of both these
simulations are rather far from the Citrea creek (from 25 to 30 km).

Notwithstanding the likely underestimation of the accumulated precipitation (it is worth reminding
that the Corigliano rain gauge recorded 223.2 mm in only 12 h), the hourly intensity peak of about
40 mm-h™! of the ensemble member no. 16 (0000 UTC forecast) is comparable to that observed
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(Figure 2¢) and is timely, while the highest hourly intensities of the ensemble members of the 1200
UTC forecast are even higher (almost 60 mm-h~1) but late.

The ensemble member no. 16 of the 0000 UTC forecast leads to a low peak flow (about 3.4 m3-s71,
Figure 8a), even with a sufficiently high simulated rainfall intensity peak. On the other hand, in the
ensemble forecast starting at 1200 UTC, much higher values are reached (up to 30 m3-s71, Figure 8b),
which, though lower than the peak flow of about 90 m®:s~! estimated by the ARPACAL Agency [57]
(and it makes sense, given the overall underestimation of the accumulated precipitation), is enough for
triggering early warning measures for that specific catchment.

Even neglecting the problems due to the missed calibration, which can influence the peak
discharge value, it is noted that the aforementioned simulations provide almost all isolated rainfall
peaks, producing a rather impulsive response of the catchment. On the other hand, the observed
hyetograph (Figure 2c), though relative to a site slightly out of the catchment, highlights five consecutive
hours (from 0200 to 0700 UTC) with an average intensity over 30 mm-h~!, suggesting that no simulation
can correctly reproduce the persistence of the precipitation event over the Corigliano area. Furthermore,
even with comparable hyetographs, the spatial distribution of the simulated precipitation within
the catchment area should also have been carefully evaluated, given the sharp differences in land
use between the upper (mainly rural) and lower (urbanized) areas of the catchment, entailing rather
different hydrological responses.
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Figure 8. Hourly accumulated rainfall averaged over the Citrea creek catchment with the ensemble
low-resolution control forecast and the 50 perturbed ensemble forecasts, and resulting hydrographs: (a)
forecasts starting at 0000 UTC, 11 August 2015; (b) forecasts starting at 1200 UTC, 11 August 2015.
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Overall, none of the members of the ensembles seems able to contribute to completely reliable
hydrological forecasts at the resolution of the small catchment analyzed, even though many of them
can warn about the probability of a significant hydrological impact considering a wider area, and some
of them can even forecast a significant flow increase for the analyzed 11.4 km? wide catchment.

4. Discussion and Conclusions

The objective of a quantitatively accurate assessment of the hydrometeorological impact at the
resolution of the small and very small coastal Mediterranean catchments is still a too demanding
challenge for the current level of development of forecasting techniques. This awareness leads the
Italian National Civil Protection agency to a strategy based on the definition of relatively wide warning
areas, whose extents are indicative of the maximum resolution to go for assumed by operational
agencies, to have reliable forecasts in an operating context. Specifically, the Calabria region is divided
into eight warning areas almost 2000 km? wide on average, and the Corigliano area falls in that to
the north-east.

The analyzed event has specific features that make its accurate forecast particularly difficult:
Highly convective dynamics, very localized impact on the ground both in time and (mainly) in space,
and a morphologically complex area with complex air—sea interactions. Based on this test case, we
argue that, within the current operational framework based on warning areas of the order of 103 km?,
the dynamical downscaling approach based on an ensemble forecast strategy can provide further
useful information for the correct detection of the hydrological effects even for such particular events.
Most of the ensemble members amplify and localize the larger-scale signal provided by the GCM,
supplying indications about the spots, within the warning area, where the impact on the ground is most
probable. The output of the ensemble forecasts can be communicated in a relatively straightforward
way by employing percentile maps, such as those shown in Figures 3d and 4d, which, together with
the quantitative information, also provide a measure of the forecast uncertainty. Furthermore, in the
analyzed test case, the ensemble forecast starting closer to the occurrence time of the event (i.e., the
simulation starting at 1200 UTC with a lower lead time) provides more accurate predictions of rainfall
intensity and, partially, of its location (Figure 5b), reaching in few but significant cases also an accurate
hydrological forecast in the small catchment under analysis (Figure 8b).

Regarding the main aim of this study, i.e., the assessment of the benefit of an ensemble approach
on the predictability of a highly localized convective event (and related hydrological impact) in the
Mediterranean area, the analyzed test case leads to some generalizable conclusions, i.e.,:

1. Inorographically complex areas, prone to high-impact very localized weather events, such as it is
the case for most of the mountainous Mediterranean coasts, an ensemble approach should be
preferred to single-based simulations, even if at the cost of a higher calculation burden, given its
capability of improving forecast skills in terms of both rainfall intensity and location;

2. The higher information content offered by an ensemble system can be managed through percentile
maps, which facilitate the interpretation of the forecast uncertainty in space and highlight the
sub-zones, within the warning areas, most likely subject to risk; and

3. Such management of the forecast uncertainty can be very useful for operational purposes, being
capable, in principle, to support civil protection actions that, though activated in the whole
warning area, can start to prepare more targeted actions for specific sub-zones.

Furthermore, this case study demonstrates that by reducing the forecast horizon, the ensemble
forecast can be very accurate up to the hydrological impact also on a coastal catchment about
10 km? wide.

The experiment performed gives hints also about the limits of the proposed approach. From an
operational point of view, it is noteworthy that, according to the results of the ensemble simulation,
the Corigliano area is highlighted as a possible hotspot of the event together with a couple of other
well-localized areas, where, however, false alarms would have been issued. Furthermore, the local
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morphology, entailing a subdivision of the territory into many small basins, does not allow in any
case to attribute a completely reliable rainfall rate (and the corresponding hydrological response) to
the catchment that was most affected. From a scientific point of view, instead, it is interesting that
the accuracy of the forecast is not enhanced by the higher-resolution (16 km vs. 32 km) boundary
conditions provided by the high-resolution ECMWF IFS simulation, such as Figure 6 highlights. This
result has to be connected to the small-scale and intrinsically chaotic properties of the convective
event, which can hide possible positive effects of improved initial and/or boundary conditions [33]
and whose predictability can be addressed only in terms of the average behavior [60]. Convective
storms forecasting is still a significantly evolving research field, which involves both theoretical and
observational aspects [61].

The research presented in this paper shows an assessment strategy outlined for a specific, though
exemplary, event. Many options are possible for strengthening the results achieved. Beyond taking
into consideration more episodes, either convective or caused by frontal systems, which would expand
the range of test cases and the related performance of the ensemble simulations, also going into details
regarding the issue of predictability of a single event at different lead times is of particular interest
from a civil protection point of view, given the importance of the time available to implement defense
measures. Furthermore, the investigation on uncertainty can be expanded by considering also the
issues connected to the initialization of the hydrological models, among which the soil moisture
conditions are included (e.g., [17,62-64]). All these research lines, however, must deal with a higher
computational burden, which could represent a strong constraint to the development of such systems
in operational contexts. From this point of view, for example, the ensemble forecast starting at 1200
UTC could be useless in practice, due to the high number of simulations to perform in a very short
time before the occurrence of the event. Therefore, the good results achieved up to the hydrological
forecast in a very small catchment could have no positive impact in an operational modelling chain.
To reduce this problem, looking for effective ensemble strategies (e.g., [65,66]) could help while waiting
for the further increase of efficiency of parallel computing systems. On the other hand, complementary
strategies for improving the forecast accuracy with a longer lead time can be based on both ensemble
forecasts and data assimilation (e.g., [67,68]). Even the impact on the ground can be assessed through
innovative approaches dealing with uncertainties, like [69], that is particularly useful for highly
localized events.

Finally, while studying the potential of convection-permitting ensemble systems, the very
rapid improvement of the GCMs providing the boundary conditions must be taken into account.
For example, in 2016, the year after the occurrence of the analyzed event, both the ECMWF IFS
and EPS resolutions increased a lot, in the framework of an overall forecasting system upgrade that
provided other improvements as well. Therefore, for a state-of-the-art assessment of the predictability
of complex convection-permitting hydro-meteorological (either single or probabilistic) forecasting
systems, it makes sense to focus not only on the most up-to-date modelling systems but also, when
possible, on recent events.
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