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Abstract 1 

Reliable reanalysis products can be exploited to drive mesoscale numerical models and 2 

generate high-resolution reconstructions of high-impact weather events. Within this framework, 3 

regional weather and climate models may greatly benefit from the recent release of the ERA5 4 

product, an improvement to the ERA-Interim dataset. In this study, two different convection-5 

permitting models driven by these two reanalysis datasets, are used to reproduce three heavy 6 

precipitation events affecting a Mediterranean region. Moreover, different Sea Surface 7 

Temperature (SST) initializations are tested to assess how higher resolution SST fields improve 8 

the simulation of high-impact events characterized by strong air-sea interactions. Finally, the 9 

coupling with a distributed hydrological model allows evaluating the impact at the ground, 10 

specifically assessing the possible added value of the ERA5 dataset for the high-resolution 11 

simulation of extreme hydro-meteorological events over the Calabria region (southern Italy).  12 

Results, based on the comparison against multiple-source precipitation observations, show 13 

no clear systematic benefit to using the ERA5 dataset; moreover, intense convective activity can 14 

introduce uncertainties masking the signal provided by the boundary conditions of the different 15 

reanalyses. The effect of the high-resolution SST fields is even more difficult to detect. The 16 

uncertainties propagate and amplify along the modelling chain, where the spatial resolution 17 

increases up to the hydrological model. Nevertheless, even in very small catchments, some of the 18 

experiments provide reasonably accurate results, suggesting that an ensemble approach could be 19 

suitable to cope with uncertainties affecting the overall meteo-hydrological chain especially for 20 

small catchments. 21 

  22 
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1 Introduction 1 

Unique morphological characteristics make the Mediterranean basin prone to natural 2 

hazards related to the water cycle (Flaounas et al., 2019), in particular during autumn when air-sea 3 

thermal contrast becomes remarkable. Steep slopes in the vicinity of coastal areas, and the 4 

Mediterranean Sea itself, which acts as a large source of moisture and heat, instigate rapid uplift of 5 

moist, unstable air, responsible for triggering condensation and convective instability processes 6 

(Ducrocq et al. 2014). Therefore, the Italian peninsula, surrounded by the Mediterranean Sea, with 7 

very urbanized littorals characterized by steep-sided valleys in coastal complex terrain, is prone to 8 

intense weather phenomena and particularly exposed to severe hydro-geological consequences 9 

(Polemio and Petrucci, 2012). An analysis of damaging hydrogeological events affecting the 10 

Calabria region throughout 92 years of observations highlighted that rainfall-induced landslides, 11 

floods and flash-floods mainly affect the eastern side of the region (Aceto et al., 2016). Indeed, 12 

heavy persistent rainfall is a frequent threat for Calabria, the southernmost tip of the peninsula; 13 

recent severe precipitation events there have been deeply studied (Federico et al., 2008; 14 

Chiaravalloti and Gabriele, 2009; Senatore et al., 2014; Gascòn et al., 2016; Avolio et al., 2019). 15 

Whether classified as short-lived or long-lived events (Avolio and Federico, 2018), these events 16 

produced devastating floods in a few hours (Llasat et al., 2013), largely because of orographic 17 

forcing. The complex, steep orography creates a local-scale forcing that scales up to the mesoscale, 18 

thus causing rapid variability of wind and precipitation fields, particularly difficult to predict with 19 

numerical weather prediction (NWP) models. The problem is even more complex due to other 20 

factors, such as the turbulent nature of convection, or cloud and precipitation microphysics, which 21 

can turn a simple deep convective event into an extreme event causing flooding.  22 



 

4 
 

The accurate quantitative precipitation forecasting (QPF) in complex orography remains 1 

one of the biggest challenges for meteorological modelling (Richard et al, 2007). However, it is 2 

important to continue improving forecasting of heavy precipitation events, to reduce uncertainties 3 

of regional climate projections, and to understand better the physical mechanisms causing heavy 4 

precipitation. NWP models represent a sophisticated tool suitable to address these issues and high 5 

spatial resolution is required to avoid convective parameterization, a known source of error 6 

(Khodayar et al., 2016). Convection-permitting models explicitly resolve deep convection and 7 

provide a more accurate description of severe weather at both meteorological (Mass et al., 2002; 8 

Schwartz et al., 2009; Clark et al., 2016) and climatological scales (Grell et al., 2000; Prein et al., 9 

2015), including downscaling applications (Pontoppidan et al., 2017; Coppola et al., 2018). 10 

Moreover, the high-resolution and the increased capability of models in representing relevant 11 

physical processes, have improved rainfall forecast skills (Weusthoff et al., 2010; Bauer et al., 12 

2011), especially at the small scales particularly relevant for hydrological applications in coastal 13 

areas. Notwithstanding the rapid improvement of global NWP accuracy and the related efforts for 14 

detailed representation of hydrological processes (Zsoter et al., 2019), currently, at such scales, 15 

only an approach based on the convection-permitting resolution can address the challenge of multi-16 

purpose coupled meteorological-hydrological simulation systems (Fiori et al., 2014; Yucel et al., 17 

2015; Davolio et al., 2015; Verri et al., 2017; Avolio et al., 2019; Senatore et al., 2020; Li et al., 18 

2020).  19 

Within this scientific framework, two different mesoscale modelling systems have been 20 

implemented in order to reconstruct some high-impact weather events that recently affected 21 

southern Italy, specifically, a highly convective summer event (11-12 August 2015), a 22 

stratified/orographic rainfall autumn event (31 October 2015 - 2 November 2015), and a fairly 23 

localized autumn event (24-26 November 2016). The aim is to evaluate the capability of high-24 
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resolution models to correctly reproduce these extreme events and the associated hydrological 1 

response. Since the European Centre for Medium-Range Weather Forecasts (ECMWF) has 2 

recently released the new climate reanalysis product ERA5 (Hersbach and Dee, 2016), a dynamical 3 

downscaling exercise has been performed starting the mesoscale models from two different 4 

datasets of global reanalyses currently available, ERA-Interim (Dee et al., 2011) and ERA5. Then, 5 

the coupling with a distributed hydrological model allows evaluating the effects at the ground in 6 

terms of discharge in some affected basins. This approach has several goals: (1) it provides a 7 

benchmark for hydro-meteorological forecasting of such events (hazard prediction), since it 8 

employs global reanalysis data to drive state-of-the-art convection-permitting simulations; (2) it 9 

provides an evaluation of a modelling tool that can be applied for climate dynamical downscaling, 10 

not only for past events, but also for future scenarios; (3) it provides a quantitative evaluation of 11 

potential benefits of new reanalysis products for the reconstruction of extreme meteorological 12 

events; (4) it allows investigation of the contribution of some physical mechanisms, such as the 13 

Sea Surface Temperature (SST). In particular, the latter point has been tested using high-resolution 14 

SST data to initialize additional modelling experiments. The use of two different modelling systems 15 

allows assessing the robustness of the results in terms of the impact of reanalysis datasets and the 16 

performance of the downscaling procedure. The developed tool can be relevant to prevent and 17 

reduce the damages to the society and to the territory and to study and adopt structural measures. 18 

Moreover, the same setup can be easily applied also to drought and water resource availability. 19 

The paper is organized as follows: Section 2 describes the area of interest, the available 20 

data and the modelling tools. Section 3 briefly presents the three severe weather events. The 21 

analysis of meteorological results is presented in Section 4, while the cascading effects on 22 

hydrology are discussed in Section 5. Conclusions are drawn in Section 6. 23 

 24 
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2 Data and methodology 1 

2.1 Area of interest and observational datasets 2 

The study simulates events in the Calabria region of southern Italy (Fig. 1a). Calabria is 3 

characterized by complex and steep orography and is almost surrounded by the sea: the Tyrrhenian 4 

Sea to the west and the Ionian Sea to the south and east. The sharp transition from the sea to the 5 

land and the mountain play key roles in triggering intense precipitation events (Federico et al., 6 

2003; Gascòn et al., 2016; Avolio and Federico, 2018). Under favorable synoptic conditions, air 7 

further moistened by atmosphere-sea exchanges is driven towards the region, impinging the 8 

southern Apennines chain whose elevation exceeds 1500 meters in several areas and 2000 meters 9 

locally. The direct orographic uplift or the interaction with the mountains may trigger and sustain 10 

precipitation even longer than one day over the same area, locally enhancing intensity. Densely 11 

populated regions along the coast, with many urban areas in the proximity of river outlets, pose 12 

challenges for civil protection. 13 

Three catchments are used to evaluate simulated hydrological impacts. The first 14 

convective summer event affected only a few very small coastal streams, the most important of 15 

which is Citrea Creek (Fig. 1b), with a catchment area of 11.4 km2 and elevation ranging from the 16 

coast to 790 m a.s.l. Unfortunately, neither discharge data nor water level data are available for this 17 

stream. Although with different intensities, the two autumn events affected about all the eastern 18 

(Ionian) river catchments of the region. Among them, the Ancinale River and Bonamico Creek are 19 

selected since they are representative of the most impacted coastal areas. These catchments are two 20 

of the biggest in the region with available water level observations. Specifically, the Ancinale River 21 

catchment, ending at the Razzona gauging station, has an area of 116 km2 with elevation ranging 22 
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from 1396 to 524 m a.s.l. (Fig. 1c), while the extension of the Bonamico Creek catchment closed 1 

at the Casignana gauging station (Fig. 1d) is 138 km2 (from 1900 down to 12 m a.s.l.).  2 

Water level data for the Ancinale River and the Bonamico Creek, as well as rainfall data 3 

from the regional weather monitoring network (Fig. 1a), are provided by the Calabrian Regional 4 

Agency for the Protection of the Environment. Such ground-based data are integrated by 5 

observations from a C-band polarimetric Doppler weather radar managed by the Italian National 6 

Civil Protection (Fig. 1a). Observational hourly rainfall fields are obtained by merging hourly 7 

ground-based rainfall observations with hourly radar data estimates, following Sinclair and Pegram 8 

(2005). 9 

2.2 Reanalysis and SST datasets 10 

High-resolution meteorological simulations are performed with two different mesoscale 11 

models, both driven by two reanalysis datasets, ERA-Interim and ERA5, that provide initial and 12 

boundary conditions (hereafter ICs and BCs, respectively). Both global datasets are produced by 13 

the ECMWF and have been implemented starting from 2006 and 2016, respectively. ERA-Interim 14 

covers the period from 1979 to 31 August 2019. The horizontal resolution is 0.75°, with 60 vertical 15 

levels from the surface to 0.1 hPa; data are available every 6 hours. The new reanalysis ERA5 16 

comes not only with higher spatial (0.25° and 137 hybrid sigma-pressure levels up to 0.01 hPa) 17 

and temporal resolution (hourly), but also with a much improved forecast model and an updated 18 

data assimilation system based on 4D-Var, exploiting more extensive observational inputs 19 

(Hennermann and Berrisford, 2018). Therefore, a better representation of several tropospheric 20 

processes has been attained. As of October 2019, ERA5 reanalyses are available from 1979, but 21 

will eventually cover the time period from 1950.  22 
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In addition to the SST field provided by the reanalysis, mesoscale models are also 1 

initialized using a high-resolution (2.2 km) SST dataset, namely the Medspiration L4 Ultra-high 2 

Resolution SSTfnd, provided by the Medspiration Project (Merchant et al., 2008; Robinson et al., 3 

2012) by IFREMER/CERSAT every 24 hours.  4 

 5 

2.3 Mesoscale and hydrological models 6 

Two different NWP provide simulations of the three heavy precipitation events.  7 

The first set of meteorological simulations is based on the Advanced Research Weather 8 

Research and Forecasting (WRF-ARW; Skamarock et al., 2008) model version 3.7.1 used in two 9 

one-way nesting domains (Fig. 2). The WRF model is a widely used, fully compressible and non-10 

hydrostatic model that allows many options for physical parameterizations. The WRF 11 

configuration selected in this study is the same used by Senatore et al. (2014) (Table 1). 12 

The second set of meteorological simulations is based on the non-hydrostatic, fully 13 

compressible, convection-permitting model MOLOCH (Modello Locale in Hybrid Coordinates, 14 

Malguzzi et al., 2006; Buzzi et al., 2014; Davolio et al., 2017), employed in cascade (one-way 15 

nesting) with the hydrostatic BOLAM (Bologna Limited Area Model; Buzzi et al., 2003) model. 16 

BOLAM and MOLOCH configurations are shown in Table 1. Model integration domains are 17 

shown in Fig. 2. 18 

For each event, four numerical experiments are performed with both WRF and MOLOCH 19 

models, using different ICs and BCs (ERA-Interim and ERA5) and SST analysis (Table 1). 20 

Initialization times and simulation ranges are selected in order to cover the entire rainfall event. 21 

Details of each simulation are provided in Table 2.  22 

The hydrological impact of the precipitation fields provided by both WRF and MOLOCH 23 

mesoscale models is simulated by the WRF-Hydro modelling system, version 3.0 (Gochis et al., 24 
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2015). Even though WRF-Hydro can be two-way coupled to WRF (e.g., Senatore et al., 2015), the 1 

modelling chain set up for this study allows one-way coupling with both WRF and MOLOCH. The 2 

distributed output of the atmospheric models drives at an hourly time-step the WRF-Hydro land 3 

surface model (which is the Unified NOAH, consistently with the WRF parameterization). The 4 

active modules are those related to subsurface, surface and channel water routing, which are 5 

performed at a horizontal resolution of 200 m. Given the impulsive features of the events that 6 

develop in a short time, the baseflow model is switched off. Initial soil moisture conditions are very 7 

important for defining the hydrological response of the catchments. However, land-surface related 8 

processes need a considerably longer adjustment period than those of the atmosphere (e.g., Hong 9 

and Kanamitsu, 2014). Therefore, in the two autumn case studies (November 2015 and November 10 

2016 in Table 2) the soil moisture and temperature ICs are determined using offline simulations 11 

with a spin-up time of 1 month. Instead, since the summer event occurred after almost two hot and 12 

dry months, leading to homogeneously dry conditions, soil moisture and temperature ICs are taken 13 

from the coarser ERA-Interim reanalysis. River runoff ICs are assumed consistently to 14 

observations, where available. WRF-Hydro is selected for this study because, besides being 15 

particularly suitable for the atmospheric-hydrological model coupling, it was already calibrated for 16 

the Ancinale River and Bonamico Creek catchments, also coping with the problem of missing 17 

discharge data. As explained in detail by Senatore et al. (2020), the model calibration was 18 

performed manually with respect to the available water level data for the events of 2015, 19 

reproducing the timing of the hydrological response to heavy precipitation and the peak flow time. 20 

Therefore, in this study simulated discharges and hydrographs are compared with those calculated 21 

by the calibrated WRF-Hydro model driven by observations (i.e., using the merged raingauge-radar 22 

rainfall fields).  23 
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2.4 Performance indices 1 

As it will be described in Section 3, while the summer 2015 event was localized and 2 

seriously hit only a small portion of the area of interest, the two autumn events affected almost the 3 

whole region, and hence, for the latter two, the performance evaluation can exploit all the rain 4 

gauges of the monitoring network. The evaluation strategy uses traditional scores based on a typical 5 

2 × 2 contingency table. Three simple scalar attributes of the contingency table are selected (Wilks, 6 

2006), namely the Frequency Bias Index (FBI), the Probability of Detection (POD) and the False 7 

Alarm Rate (FAR): 8 

ܫܤܨ ൌ ௧௦ା௦�௦
௧௦ା௦௦௦

         (1) 9 

ܦܱܲ ൌ ௧௦
௧௦ା௦௦௦

          (2) 10 

ܴܣܨ ൌ ௦�௦
௧௦ା௦�௦

         (3) 11 

Specifically, FBI measures the ratio of the frequency of forecast events to the frequency 12 

of observed events. A value of FBI smaller (larger) than 1 is associated with a NWP system that 13 

has a tendency to underforecast (overforecast) events. Therefore, FBI=1 for a perfect prediction. 14 

However, FBI only measures relative frequencies and not the correspondence between forecasts 15 

and observations. A more elaborate skill score, the Equitable Threat Score (ETS), is also used:  16 

ܵܶܧ ൌ ௧௦ି௧௦ೝ
௧௦ା௦௦௦ା௦�௦ା௧௦ೝ

        (4) 17 

where 18 

ݏݐ݄݅ ൌ
ሺ௧௦ା௦௦௦ሻሺ௧௦ା௦�௦ሻ

௧௦ା௦௦௦ା௦�௦ା௧�௧௩௦
      (5) 19 

ETS measures the fraction of observed and/or forecast events that were correctly 20 

predicted, adjusting for hits associated with random chance (hitsr). It is considered suitable for 21 
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NWP verification because it allows scores to be compared more fairly across different regimes. Its 1 

value ranges between -1/3 and 1, being 1 for a perfect forecast; 0 indicates no skill. 2 

All the scores are calculated considering consecutive 6-hour accumulated rainfall for the 3 

periods of interest, using the following precipitation thresholds th: 4 

൞

ͲǤʹ�݉݉  ݈݈݂ܽ݊݅ܽݎ  ͳ�݉݉
ͳ�݉݉� ൏ ݈݈݂ܽ݊݅ܽݎ  ͳͲ�݉݉�
ͳͲ�݉݉ ൏ ݈݈݂ܽ݊݅ܽݎ  ʹͲ�݉݉
ʹͲ�݉݉ ൏ �������������������݈݈݂ܽ݊݅ܽݎ

ݐ���� ൌ ͲǤʹ�݉݉ ή ݅
ݐ� ൌ ͳ�݉݉ ή ݅
ݐ� ൌ ʹ�݉݉ ή ݅
ݐ� ൌ ͷ�݉݉ ή ݅

݅�݄ݐ݅ݓ��� ൌ ͳǤ Ǥ ͷ
݅�݄ݐ݅ݓ����� ൌ ͳǤ Ǥ ͳͲ
݅�݄ݐ݅ݓ�� ൌ ͳǤ Ǥ ͷ
ݎ݁݃݁ݐ݊݅�݅�݄ݐ݅ݓ����

   (6) 5 

 The comparison between observations and models is performed extracting from the latter 6 

the value from the closest neighboring cell.  7 

An additional performance index, the Fractions Skill Score (FSS, Roberts and Lean, 2008; 8 

Roberts, 2008) is also applied. Assuming a square-shaped neighborhood of length n, FSSn is given 9 

by: 10 

ܵܵܨ ൌ ͳ െ
భ
ಿ
σ σ ሾிሺǡሻିிሺǡሻሿೕ

మ


భ
ಿ
σ σ ிሺǡሻೕ

మା
భ
ಿ
σ σ ிሺǡሻೕ

మ


       (7) 11 

where N is the number of all grid points in the domain, while Fo(i,j) and Fm(i,j) are the observation 12 

and forecast fractions (calculated with respect to a specific rainfall threshold) at the location (i,j). 13 

Evaluating fractional coverage over different sized areas, FSS is a spatial verification measure used 14 

to assess precipitation forecasts performance. FSS measures how the skill of precipitation forecasts 15 

varies with spatial scale (Roberts and Lean, 2008) and indicates the spatial scales at which the 16 

forecast resembles the observations. It was developed to overcome some limitations of grid-point-17 

by-grid-point verification methods especially for high resolution models. In this study, FSS is 18 

applied to the total accumulated precipitation of the two autumn events using a rainfall threshold 19 

equal to the 90th percentile. The use of a percentile rather than a fixed accumulated threshold 20 

removes the impact of the bias in rainfall amount on the FSS, thus focusing on the spatial accuracy 21 
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of the model simulation. This information is complementary to that provided by the other skill 1 

scores presented above. 2 

Since rainfall observations are accurate only over land, where rain gauges and radar data are 3 

merged, the FSS computation domain does not correspond  to a square or rectangular domain, but 4 

is limited by the Calabria region borders. Problems in FSS calculation close to the region 5 

boundaries can arise, as discussed in Skok and Roberts (2016), especially due to the complex shape 6 

of the region and the small size of the computational domain. The approach used here is the one 7 

proposed by Roberts and Lean (2008), who assign a value of zero precipitation to points outside 8 

the domain. 9 

 10 

3 Heavy precipitation and flood events 11 

Three heavy precipitation events associated with recent floods have been selected. They 12 

occurred in different seasons and presented different characteristics in terms of precipitation type 13 

(orographic, convective and stratiform), duration and location. Thus, they represent a suitable, 14 

although small, ensemble of heavy precipitation events that typically affect the region. A general 15 

description of the events is provided in the following, using reanalysis products to describe the 16 

main synoptic patterns.  17 

3.1 11-12 August 2015 event 18 

During 9 August, an upper-level cold cyclone isolated from the main Atlantic cyclonic 19 

circulation and moved across southern France, reaching the Mediterranean basin the day after. 20 

Moving southeastward, the cut-off low crossed Sardinia and by 0000 UTC, 12 August was located 21 

over Sicily. The instability associated with cold air advection in the middle troposphere produced 22 

widespread severe convective weather over southern Italy.  23 
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The cyclonic circulation in the lower levels produced southerly winds on 11 August (Figs. 1 

3b,c), progressively turning to southeasterly, as a consequence of the southward displacement of 2 

the low, on 12 August, when the convective activity attained its maximum intensity. Convective 3 

cells developing over the Ionian Sea were advected towards the coast of Calabria, affecting mainly 4 

the northern part of the region (Figs. 3a, showing merged rain gauge and radar precipitation data, 5 

and Figs. 3d,e). Heavy rainfall was localized, reaching 255 mm in 24 hours (233 mm in just 12 6 

hours; CFM, 2015a) at the Corigliano Calabro rain gauge (Fig. 1a). Only a few very small 7 

catchments were hit by the event, including Citrea Creek, where flood and damages were recorded. 8 

3.2 31 October ± 02 November 2015 event 9 

As a consequence of typical Alpine cyclogenesis, a cut-off low isolated over Sicily during 10 

the last days of October. A strong high-pressure ridge progressively developing over western 11 

Europe, up to the Scandinavian Peninsula, produced temporary blocking in the westerly synoptic 12 

currents over the Mediterranean. By 1 November, the synoptic pressure pattern was characterized 13 

by a dipole, with a high-pressure center over central-eastern Europe, and a cold-core low-pressure 14 

system almost stationary between Tunisia and Sicily. The cyclonic circulation around the surface 15 

low over the Ionian Sea (Figs. 3g,h) conveyed south-easterly moist flow from the Eastern 16 

Mediterranean in the lower troposphere, and from northern Africa slightly above, towards Calabria. 17 

Increasing wind intensity and moist air impinging the southern Apennines produced heavy 18 

precipitation (Figs. 3i,j) for several days, from the evening of 30 October to the early morning of 2 19 

November, when the cut-off low finally dissipated. 20 

Heavy rainfall affected the southern portion of the Calabria region, mainly on its Ionian 21 

side (Fig. 3f, merged rain gauge and radar precipitation data). On 30 October precipitation 22 

exceeding 100 mm was confined to the north of the region, but moved to the south following the 23 
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cyclone movement, becoming progressively more intense during 31 October and 1 November. 1 

Rainfall exceeding 200 mm in 24 hours was recorded in several gauges during both days, producing 2 

catastrophic flooding�� ,Q� SDUWLFXODU�� D� UDLQ� JDXJH� ORFDWHG� LQ� 6DQW¶$JDWD� GHO� %LDQFR� �)LJ�� �D��3 

measured almost 400 mm in 24 hours, while one at Chiaravalle Centrale (Fig. 1a) recorded 4 

maximum rainfall amount of 739 mm. Although the effect of orographic forcing is evident in the 5 

precipitation field, the convective activity was also intense, as demonstrated by a large amount of 6 

lightning (not shown), especially over the Ionian Sea and along the Calabrian coast. 7 

In several basins, repeated discharge peaks were recorded, as a consequence of a long-8 

lasting and persistent precipitation event. Almost 70% of the region¶V�QHDUO\�����PXQLFLSDOLWLHV 9 

were alerted by the regional civil protection agency; 162 experienced the maximum (red) alert level 10 

(CFM, 2015b). Widespread floods and rain-induced landslides caused severe damage, especially 11 

to roads and river banks. The Regional Civil Protection Agency estimated damage worth almost 12 

60M euros. 13 

3.3 25-26 November 2016 event 14 

This event affected mainly the Ionian side, particularly its southernmost tip. The frontal 15 

V\VWHP��DVVRFLDWHG�ZLWK�GHSUHVVLRQ�³4XHHQLH´�centered over Spain, crossed southern Italy during 16 

the night between 25-26 November. Several factors contributed to a strongly unstable troposphere 17 

and thus to particularly intense convective activity, as evidenced by the large number of lightning 18 

(not shown): the presence of a strong sub-tropical jet stream; intense low-level advection of warm, 19 

moist air from the south, which produced very high values of equivalent potential temperature (e.g., 20 

exceeding 320 K at 850 hPa) in the prefrontal area; and high CAPE values, denoting potential for 21 

strong convection over the Ionian Sea. The strong large scale forcing with prevailing south-easterly 22 

flow at the surface (Figs. 3l,m), impinging on the Apennines, south-westerly currents in the middle 23 
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troposphere, and frontal passage, drove convection mainly over the southernmost tip of Calabria 1 

and the eastern part of Sicily, where most of the precipitation occurred (Fig. 3k,n,o). It was 2 

concentrated in two different phases: a prefrontal period, on the morning of 25 November, and a 3 

frontal phase that night. In 24 hours, 400 mm fell at WKH�UDLQ�JDXJH�RI�6DQW¶$JDWD�GHO�%LDQFR��EXW�4 

values exceeding 200 mm were recorded over a larger area, where precipitation started on the 5 

morning of 25 November. Peaks of almost 100 mm in 1 hour and 150 mm in 3 hours are consistent 6 

with the presence of intense deep convection. Some small basins reacted quite quickly to the intense 7 

precipitation with remarkable discharge peaks in the early morning of both 25 and 26 November. 8 

According to the alert issued by the regional civil protection agency, about 30% of the UHJLRQ¶V�9 

municipalities were affected by the hydrological impact of the event (55 of them received the 10 

maximum alert level; CFM, 2016). Damages similar to the 2015 autumn event occurred. The 11 

Regional Civil Protection Agency, evaluating this event together with a subsequent one that 12 

occurred in January 2017, estimated damage worth about 75M euros. 13 

 14 

4. Simulation results: meteorological perspective 15 

4.1 Differences between the reanalysis products and SST representations 16 

The two modelling chains are driven by ERA-Interim and ERA5 reanalyses. Before 17 

analyzing the details of the high-resolution simulations of WRF and MOLOCH, it is worth to 18 

discussing differences between the global forcing fields. Although the synoptic pressure pattern in 19 

the middle troposphere over the Mediterranean is only slightly different (e.g., geopotential at 500 20 

hPa, not shown), remarkable differences appear in the surface pressure field. For the November 21 

2015 event in particular (Figs. 3g,h), the cyclonic circulation over the Ionian Sea is farther north in 22 

ERA5 than in ERA-Interim, with greater intensity and stronger gradients around the center, 23 
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producing stronger winds and sharper convergence. In August, the surface cyclone over Sicily also 1 

presents a different shape and location, partially ascribable to the different orography of the two 2 

reanalyses. The impact of the higher resolution in ERA5 is especially evident in the dynamical 3 

fields of the lower troposphere. In particular, the wind field at 10 meters highlights a stronger 4 

orographic effect across the Mediterranean, where the flow is much more perturbed on the lee side 5 

of the mountains with respect to ERA-Interim. Both the Apennines and the Alps exert a stronger 6 

blocking effect on the low-level flow (see for example Figs. 3b,c), but also around Sardinia, 7 

Corsica, and Sicily (Figs. 3l,m) the impact of the better-resolved orography is clear. Beyond 8 

orographic effects, ERA5 displays sharper convergence lines (Figs. 3g,h, and 3l,m), which may 9 

initiate convection over the sea. It is also worth noticing that ERA5 reproduces areas of low-level 10 

convergence and vertical motion possibly associated with explicit convection over the Tyrrhenian 11 

Sea. 12 

Rainfall in ERA5 is systematically more intense than in ERA-Interim, but both reanalyses 13 

markedly underestimate the observed precipitation across southern Italy (Fig. 3). In particular, 14 

ERA-Interim hardly reproduces heavy orographic precipitation over the Calabria region, where 15 

only light rain is shown. Underestimation by the ERA5-driven simulations is particularly evident 16 

for the last event (Figs. 3n,o), while providing heavy rain for the other two. 17 

Finally, concerning the SST representation, both ERA-Interim and ERA5 rely on the 18 

Operational Sea Surface Temperature and Sea-Ice Analysis (OSTIA) product (Stark et al., 2007). 19 

Therefore, the mean SST values are very similar. Focusing on the innermost domains of both 20 

mesoscale models, average SST values for the ERA5 and ERA-Interim fields providing initial 21 

conditions are within 0.1 °C for all the three analyzed events. On the contrary, the Medspiration 22 

SST product shows some noteworthy variations. Specifically, in the innermost domains, the mean 23 

SST of Medspiration fields is almost systematically warmer by about 0.4 °C in the summer 2015 24 
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event and 1.3 °C in the autumn 2015 event, while for the autumn 2016 event it is very close to the 1 

reanalyses (average differences < 0.1 °C). 2 

4.2 Case study I (11-12 August 2015) 3 

For all case studies, precipitation fields from eight high-resolution simulations are 4 

available (Fig. 4), combining the two different convection-permitting models (WRF and 5 

MOLOCH), ICs and BCs (ERA-Interim and ERA5) and SST initialization fields (native from 6 

reanalyses and Medspiration dataset), as described in Sections 2.2 and 2.3. The main aim of the 7 

comparison among these precipitation fields is to identify difference that recurs in both mesoscale 8 

model simulations, in order to disentangle the effects ascribable to the different reanalyses or to 9 

different SST initialization. Moreover, in order to assess the impact of the reanalyses for the 10 

reconstruction of extreme meteorological events, a qualitative and quantitative evaluation of the 11 

dynamical downscaling (via WRF and MOLOCH) of the reanalyses is provided, comparing model 12 

results (Fig. 4) against observations (Fig. 3). 13 

The first eight panels (Figs. 4a-h) show the results for the August 2015 convective event. 14 

The maps of 24 hour accumulated precipitation from 11 Aug 2015, 1800 UTC, to 12 Aug 2015, 15 

1800 UTC, highlight the scattered and chaotic nature of rainfall due to widespread convective 16 

activity across the Ionian Sea and Calabria region. Almost all simulations successfully reproduce 17 

small rainfall clusters with high intensity (exceeding 100 mm in 24 hours), even though their 18 

location over land does not always correspond to the exact location where heavy localized 19 

precipitation is observed. For both WRF and MOLOCH, the highest amount of accumulated 20 

precipitation averaged across the domain is obtained with the simulations driven by ERA5 with 21 

native SST fields (Figs. 4b and 4f).  22 
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The slightly warmer Medspiration SST field, which may potentially increase the low-level 1 

instability and moisture content, generally has a negligible (Era-Interim-driven simulations) effect 2 

or may even produce a slight decrease in precipitation amount (ERA5-driven simulations). In 3 

general, MOLOCH seems to be less sensitive to the SST initialization and the two simulations 4 

driven by the same reanalysis closely resemble one another. Relatively larger differences are 5 

produced in WRF simulations, especially over the sea. This behavior may be due to the different 6 

SST evolution prescribed in the two models (the sst_skin model with WRF and a simple slab ocean 7 

model with MOLOCH; Stocchi and Davolio, 2017). 8 

To address the question of whether the high-resolution simulations driven by different 9 

reanalyses (ERA5 vs ERA-Interim) are capable to reproduce better the observed precipitation, the 10 

analysis focused on an area where very localized, heavy rainfall produced its major impact, i.e., 11 

around the Corigliano Calabro rain gauge. Figure 5 shows, for both WRF and MOLOCH 12 

simulations, the location and the relative amount (compared to observations) of the highest rainfall 13 

peaks within 50 of that station, together with the time correlation of simulated and observed 14 

accumulated hourly precipitation. The choice of a 50-km neighborhood addresses the challenge of 15 

very low predictability typical of a scattered convective event. Whether location, intensity, or 16 

temporal correlation are considered, there are no clear indications about the best performing 17 

configuration, while all the simulations underestimate the event. In more detail, MOLOCH driven 18 

by ERA5 produces a rainfall peak whose intensity is very close to that observed, but located about 19 

40 km away; among WRF simulations, those using the Medspiration SST field predict more intense 20 

peaks, while the location differences are very small. Time correlations are always quite high for 21 

both models, ranging from 0.92 to 0.98.  22 

Summarizing, the reconstruction of the convective event through convection-permitting, 23 

high-resolution dynamical downscaling does not clearly benefit from the potentially improved ICs 24 
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and BCs provided by the ERA5 reanalysis and the Medspiration SST product. Several modelling 1 

and data uncertainties in the mesoscale simulations, as well as the unpredictable nature of the 2 

convection, probably prevail and hide the potential offered by these more accurate datasets. 3 

4.3 Case Study II (31 October ± 02 November 2015) 4 

This event is characterized by persistent precipitation, lasting for almost 4 days, which 5 

affects the southern side of the Calabria Apennines. This pattern is correctly simulated by both 6 

models, as shown in Figs. 4i-p, although simulations differ over the Ionian Sea, a probable 7 

consequence of the different size of WRF and MOLOCH integration domains.  8 

The rainfall distribution appears very sensitive to the driving reanalyses, particularly over the sea, 9 

while the precipitation pattern and even the intensity over the orography are more similar. A 10 

marked increase in the precipitation amount is observed in WRF when ERA5 is used. In MOLOCH 11 

the use of ERA5 in place of ERA-Interim slightly changes the rainfall pattern over the sea and 12 

increases the intensity of the precipitation peaks over the orography. On the other hand, a warmer 13 

SST provided by Medspiration analysis (about +1.3 °C, averagely) only modestly increases 14 

average accumulated precipitation in the innermost domain for both models, although more evident 15 

with WRF (consistent with the results of Senatore et al., 2020), but the impact is considerably lower 16 

than that observed by changing the BCs. Analyzing the precipitation timing more closely shows 17 

that different SST fields have negligible effect, probably because strong large scale forcing and the 18 

wide spatial and long-time scales of the event mask possible effects of PBL dynamics due to SST.  19 

The quantitative evaluation of the simulation accuracy is first performed directly against 20 

140 rain gauges of the regional network (i.e., radar data are not considered) computing the grid 21 

point-based statistical indexes presented in Section 2.4.  22 
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In agreement with the analysis carried out so far across the entire innermost domain, the 1 

FBI plots (Figs. 6a-b) confirm an increase of rainfall amount over land for both WRF and 2 

MOLOCH models when ERA5 BCs are used, for almost every threshold. Moreover, while WRF 3 

shows a slight tendency towards overforecasting (FBI slightly larger than 1), MOLOCH 4 

underforecasts rainfall especially for high thresholds (FBI reaching 0.5). On the other hand, the 5 

effect of the Medspiration SST fields is not so evident, suggesting that the accumulated 6 

precipitation in the domain increases more over the sea surface than over land, where the scores 7 

are computed. ETS generally indicates a worsening of both mesoscale models when ERA5 BCs 8 

are applied, for higher thresholds (> 5 mm) (Figs. 6c-d). POD results (Figs. 6e-f) are less 9 

peremptory and highlight a comparable probability of detection using different BCs. Results 10 

achieved by FBI, ETS, and POD are further confirmed by the FAR score (Figs. 6h-i): the 11 

probability of false alarms is lower with ERA-Interim BCs, as expected with lower values of the 12 

FBI score.  13 

The capability of the simulations to reproduce the spatial distribution of precipitation 14 

across Calabria is assessed through the FSS. Figure 7 shows FSS values for all simulations and for 15 

different neighborhood lengths. As indicated in Roberts and Lean (2008), two horizontal lines are 16 

drawn in a FSS graph. The lower dotted line represents the FSS value that would be obtained by a 17 

random forecast with the same fractional coverage of the observed field. The upper dotted line is 18 

the FSS target value; the value of n corresponding to the point where the FSS curve crosses this 19 

line, indicates the smallest scale over which the forecast output contains useful information.  20 

The 90th percentile is selected in order to evaluate the spatial accuracy of model simulations with 21 

respect to heavy precipitation. Results show an opposite behavior of the two mesoscale models: 22 

while WRF performs better when ERA-Interim BCs are used, MOLOCH is more accurate when 23 

ERA-5 reanalyses are adopted. FSS confirms that simulations are more sensible to the BCs than to 24 
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the SST analysis, but in any case, the use of high-resolution SST does not improve the accuracy of 1 

the simulated precipitation. The complementarity of the adopted skill scores (discussed in Section 2 

2.4) affirms that MOLOCH accurately simulates the location of intense precipitation (FSS), but 3 

with a relevant underestimation of the peaks (FBI and ETS), while WRF is less accurate in terms 4 

of positioning but much closer to the observed maximum intensity.  5 

As for the first case, the use of potentially improved BCs of ERA5 (higher resolution, 6 

better model and data assimilation) similarly does not improve the simulations. For this event, the 7 

variability brought by the adopted mesoscale model is considerable and exceeds the influence of 8 

initial/boundary conditions. The analyzed maps clearly show that only where the precipitation is 9 

constrained by the orographically-forced uplift, do the two models provide similar results. 10 

Elsewhere, large differences over the sea are associated with intense and persistent convection, 11 

much more active than for the other events. Therefore, differences in dynamics and microphysics, 12 

as well as in domain set up, may rapidly grow where convective instability dominates.  13 

4.4 Case Study III (25-26 November 2016) 14 

The accumulated precipitation maps in the innermost domain are shown in Figs. 4q-x and 15 

depict a 54-hour period from 24 Nov 2016, 0000 UTC, to 26 Nov 2016, 0600 UTC. Rainfall 16 

amounts differ sharply between the two mesoscale models. With WRF, ERA-Interim BCs lead to 17 

more area-averaged rain than ERA5 BCs, especially over the southern tip of Calabria and eastern 18 

Sicily. Moreover, when driven by ERA5, WRF seems excessively dry on the lee side of the 19 

southern Apennines. With MOLOCH, averaged values are similar among the two sets of 20 

experiments, but rain peaks are much more intense over southern Italy using ERA5 as BCs. Despite 21 

the very small average difference between the SST fields used in the initialization (as stressed in 22 

Section 4.1) some differences emerge in the experiments using Medspiration data. Both WRF 23 
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simulations show a slight increase in average precipitation, although the location and intensity of 1 

the most intense peaks remain quite close to the reference experiments. By contrast, MOLOCH 2 

simulates a slight decrease in area-averaged rainfall, despite similar spatial patterns. This different 3 

behavior and this sensitivity may be explained by the fact that the SST is also changed in the parent 4 

model domains. That is, the two different downscaling procedures (i.e., WRF and 5 

BOLAM/MOLOCH) elaborate such information differently, leading to contrasting precipitation 6 

amounts. This different behavior is a clear example of the intrinsic uncertainty in the downscaling 7 

process, overwhelming the uncertainty of the SST input. 8 

The accuracy of the simulations with respect to the observations of the regional 9 

monitoring network is evaluated through grid point-based skill scores. The FBI (Figs. 8a-b) 10 

indicates that both models underforecast the occurrence of rainfall amounts exceeding a specified 11 

threshold, within the area where rain gauge observations are available (Calabria region). This 12 

behavior is more pronounced in WRF (MOLOCH) for weak (intense) rainfall. The negative bias 13 

may be ascribed to the fact that both models not only underestimate the observed rainfall peak in 14 

the southern part of the region, but also fail in reproducing a wide area of moderate precipitation 15 

(50-100 mm in 54 hour, Figs. 4q-x) in the central part of Calabria. For WRF, all the scores in Fig. 16 

8 indicate that a much better performance is attained when ERA-Interim BCs are applied, instead 17 

of ERA5. By contrast, with MOLOCH instead, the downscaling of ERA5 and ERA-Interim shows 18 

similar performance, with the former (the latter) slightly better for low (high) rainfall thresholds. 19 

The use of Medspiration SST fields does not change the overall picture: its effect is generally 20 

almost negligible and becomes evident only for higher thresholds where it slightly improves WRF 21 

simulations, but worsens those of MOLOCH. 22 

As discussed above, while WRF and MOLOCH both underestimate rainfall, they provide 23 

accurate spatial representation of rainfall fields and intense precipitation area, as measured by the 24 
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FSS (Fig. 9). As in the previous case study, dependency of WRF and MOLOCH on the BCs 1 

applied, differs. WRF (MOLOCH) performance is better with ERA-Interim (ERA5). Unlike the 2 

previous example, all simulations perform slightly more poorly with the high-resolution SST 3 

analysis field. 4 

This case study further confirms the results of the previous one: the influence of the 5 

initial/boundary conditions is clearly and highly relevant, regardless the adopted mesoscale model. 6 

However, since there is no common behavior between WRF and MOLOCH, it is not possible to 7 

draw a general conclusion about the most suitable reanalysis dataset for downscaling of heavy 8 

precipitation events, and the different downscaling results seem more ascribable to the mesoscale 9 

model. Furthermore, this case study shows that the sensitivity to SST initialization may be very 10 

different from case to case and high-resolution products do not necessarily lead to better 11 

performance.  12 

 13 

5. Hydrological simulations 14 

5.1 Case study I (11-12 August 2015) 15 

The catchment area of Citrea Creek (the most affected catchment during the convective 16 

event of August 2015) covers only about three cells of the innermost domain of the meteorological 17 

models. Given the chaotic pattern of the convective precipitation, it is highly unlikely that the 18 

modelling chains based on deterministic forecasts can detect such a highly localized impact with 19 

sufficient accuracy. Moreover, even if they succeed, a part of randomness should be acknowledged: 20 

in fact, none of the rainfall patterns shown in Figs. 4a-h is as wide as that observed in the Corigliano 21 

area (Fig. 3a). To cope and deal with such uncertainties, an ensemble approach would be more 22 

suitable.  23 
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1HYHUWKHOHVV��VRPH�RI�WKH�IHDWXUHV�FDXJKW�E\�WKH�PHVRVFDOH�PRGHOV¶�RXWSXW�also produce 1 

impacts at the catchment scale. The accumulated precipitation values over the catchment (Table 3) 2 

mainly depend on the localization of the rainfall peaks (Fig. 5). Among the MOLOCH simulations, 3 

only that driven by ERA-Interim with the Medspiration SST field generates non-negligible 4 

amounts of precipitation; however, simulated precipitation is much lower than that recorded at the 5 

Corigliano rain gauge, and too low to cause flooding. All WRF simulations, whose rainfall peaks 6 

are all located rather close to the catchment area, produce significant accumulated precipitation 7 

values, up to almost 80 mm with ERA5 BCs and Medspiration SST fields. Still, the WRF simulated 8 

rainfall is only about 50% of the amount recorded during the same period (0300-0800 UTC) by the 9 

Corigliano rain gauge (Table 3). Nevertheless, it is predicted to occur in only 2 hours (from 0300 10 

UTC to 0500 UTC), entailing a noteworthy peak flow, although earlier than observed (which was 11 

at about 0900 UTC; CFM, 2015). However, the peak flow value shown in Table 3 is relatively low, 12 

especially with respect to that estimated by field surveys (about 90 m3s-1, according to CFM, 2015). 13 

This value is achieved without any calibration and with dry ICs, but it could change significantly 14 

by modifying few key parameters (e.g., in the simulation with the highest precipitation input, 15 

increasing the initial moisture of the first soil layer of the 50% and reducing the infiltration factor 16 

REFKDT by only 0.4, peak flow would increase to 30 m3s-1). However, given the great uncertainty 17 

with observations, any calibration would be rather speculative, and would not add essential 18 

information to the main outcome of this experiment. 19 

5.2 Case study II (31 October ± 02 November 2015) 20 

The two catchments on which the hydrological analysis is focused are located close to the 21 

northern (the Ancinale River catchment) and southern (the Bonamico Creek catchment) tips of the 22 

area most affected by heavy rainfall. Since these catchments are about 60 km apart, the performance 23 
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of the rainfall simulation may be quite different in the two basins. Specifically for Case Study II, 1 

some features clearly highlighted by the analysis of the simulated precipitation (e.g. more abundant 2 

rainfall in the ERA5-driven experiments, or low MOLOCH bias) are reproduced fairly well in the 3 

simulations across the Ancinale River catchment (Figs. 10a-d), but they are not so evident in the 4 

Bonamico Creek catchment (Figs. 10g-j). It is worth noting that the present analysis highlights only 5 

the shortcomings and uncertainties of the atmospheric components/models of the downscaling 6 

process, because the reference discharge simulation is obtained by the calibrated WRF-Hydro 7 

PRGHO�EDVHG�RQ�REVHUYHG�SUHFLSLWDWLRQ��WKXV�LQ�D�³SHUIHFW hydrological PRGHO´�IUDPHZRUN� 8 

Figs. 10a-f show that the simulation of rainfall fields and the following hydrological 9 

responses in the Ancinale River primarily depend upon the mesoscale model adopted. The rainfall 10 

field characteristics described in Section 4.2 through the statistical scores reflect on the 11 

hydrological discharges. For both models, ERA5 BCs lead to higher precipitation than ERA-12 

Interim BCs. This leads to excessive overestimation in WRF, but improves MOLOCH estimates; 13 

to a minor extent, warmer Medspiration SST fields increase rainfall. Of course, the hydrological 14 

impact depends on meteorological inputs, but there is no a straightforward correlation. A major 15 

role is played by the antecedent soil moisture conditions before the most intense phase of the event, 16 

as well as by the spatial distribution of the rainfall, which is not shown by the average precipitation 17 

in Fig. 10: the highest peak flow occurs with the WRF simulation driven by ERA-Interim and the 18 

Medspiration SST field (even though this simulation does not provide the highest accumulated 19 

precipitation) because the most intense rainfall occurs when the catchment is already moistened by 20 

previous precipitation. In general, the ratio of the runoff/rainfall volumes increases linearly with 21 

the amount of rainfall predicted (it is 24% for the hydrological model driven by observations, 43% 22 

for the WRF ERA5-driven simulation with the Medspiration SST fields, 9% for the MOLOCH 23 

ERA-Interim-driven simulation with native SST fields). Despite the streamflow overestimation up 24 
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to almost 250%, WRF-driven hydrographs are well correlated to that driven by observations. The 1 

highest correlation is attained for the WRF simulation driven by ERA-Interim and native SST field 2 

(Pearson coefficient r = 0.91). On the other hand, the rainfall predicted by MOLOCH is too weak 3 

(consistently with the low FBI previously shown) for the catchment to respond and reproduce the 4 

second most intense peak flow on 01 November 2015. 5 

In the Bonamico Creek catchment, the mesoscale models are closer in terms of 6 

precipitation amount (Figs. 10g-j), and the effects of the different BCs are weaker and contrasting: 7 

ERA5 BCs slightly reduce (increase) the total rainfall amount with WRF (MOLOCH); this effect 8 

is further amplified using the Medspiration SST fields. Peak flows intensities are close to the 9 

reference hydrograph, but they occur too early. Therefore, the simulated hydrographs (Figs. 10k-l) 10 

are not highly correlated to the reference one (r is higher than 0.6 only with the two MOLOCH 11 

ERA5-driven simulations), but the simulated mean discharges range around 80-120% of the 12 

reference discharge (except the WRF and MOLOCH ERA5-driven simulations with Medspiration 13 

SST fields, being 63% and 146%, respectively). MOLOCH simulations with native SST fields lead 14 

to peak flow values exceptionally close to that of the reference discharge, though occurring earlier 15 

than observed (17 and 4 hours before, with ERA-Interim and ERA5 BCs, respectively). The ratio 16 

of the runoff/rainfall volumes is generally only slightly higher than the value achieved with 17 

observations of 70%, ranging from 70% to 88%. 18 

Overall, all the eight modelling chains applied to the Ancinale catchment show that the 19 

simulation of the hydrological impact is mainly biased by overestimation or underestimation of 20 

rainfall, while the main issue with the Bonamico basin is given by an early onset of the event. Such 21 

different responses occur within a relatively short distance in space, highlighting that within the 22 

same domain very different modelling issues can arise, which affect the meteorological outputs 23 

and are emphasized by the hydrological responses. Indeed, in both basins, the skill of the 24 
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hydrographs strongly depends on the spatial and temporal accuracy of the modelled rainfall, given 1 

the short interval between the rain and discharge peaks in such small catchments. Finally, these 2 

hydrological results clearly show that the analysis of rainfall statistical indexes provides an 3 

evaluation of the meteorological model behavior averaged over the entire region, but the high 4 

spatial variability of the rainfall fields may produce contrasting results in small basins, even if 5 

closer. 6 

5.3 Case study III (25-26 November 2016) 7 

This case study mainly affects the Bonamico Creek catchment (observed averaged 8 

accumulated precipitation of 180 mm during the event, Figs. 11g-j), while the Ancinale River 9 

catchment is only marginally affected (50 mm, Figs. 11a-d). In agreement with the FBI analysis 10 

(Figs. 8a-b), simulated precipitation always underestimates observations, especially if ERA5 BCs 11 

are used (except for the Bonamico catchment with MOLOCH, where the strongest underprediction 12 

is achieved using ERA-Interim BCs). Notwithstanding such underprediction, the highest peak flow 13 

in the Ancinale River largely exceeds that of the reference hydrograph and is always produced by 14 

ERA-Interim-driven configurations, either with native or Medspiration SST fields, which provide 15 

higher intensity on 25 November afternoon (Figs. 11e,f). These simulations concentrate the rainfall 16 

in a few hours, thus producing a sharp hydrological response in the catchment. 17 

In the Bonamico catchment, rainfall underprediction expresses itself in the hydrographs 18 

(Figs. 11k,l), where the simulated mean flow is from 10% (with ERA-Interim-driven MOLOCH 19 

simulation with Medspiration SST fields) to 42% (with the ERA-Interim-driven WRF simulation 20 

with native SST fields) of the reference discharge. The simulated peak flow of the latter is quite 21 

close to that of the reference hydrograph (about 98%), although delayed by 17 hours. Interestingly, 22 
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the ERA5-driven WRF simulation with native SST fields is well correlated (r = 0.80), even though 1 

it also strongly underestimates the reference hydrograph. 2 

This last case study also confirms the foremost importance of accurate rainfall simulations 3 

for hydrological impact assessment in small catchments, particularly the timing and the duration 4 

of the rainfall. It also highlights that the potential benefit provided by improved BCs can be 5 

ineffective with high-resolution dynamical downscaling aimed at analyzing impacts at the 6 

catchment scale. Unlike the previous case study, here the main issue is always precipitation 7 

underprediction within the basin, which is not solved either by applying ERA5 BCs or higher 8 

resolution SST data. However, it is noteworthy that all simulations capture the main features of the 9 

precipitation pattern, less rainfall (and consequently, lower flow rate) in the Ancinale area and more 10 

(even though not enough) in the Bonamico catchment.  11 

 12 

6 Conclusions 13 

Dynamical downscaling of two global reanalyses has been performed by applying two 14 

state-of-the-art mesoscale modelling systems, for three severe weather events that recently affected 15 

southern Italy. Moreover, a distributed hydrological model has been applied at the end of each 16 

meteorological modelling chain to compute the discharge in some relevant basins and thus 17 

reconstruct the hydrological impact of these events. This exercise represents a preliminary and 18 

necessary step aimed at evaluating if, and to what extent, it is possible to apply convection-19 

resolving models, driven by reanalyses, to reconstruct hydro-meteorological hazardous events at 20 

the regional scale, over a territory characterized by very complex orography such as the Calabria 21 

region of southern Italy. To this end, the effects of different initial and boundary conditions, 22 

including SSTs, have been evaluated in terms of rainfall and discharge simulations. 23 
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On the whole, reanalyses are able to describe the synoptic environment in which the 1 

precipitating systems develop and it is evident how the higher resolution of ERA5 allows a better 2 

description of several mesoscale dynamically important features in the Mediterranean basin, like 3 

low-level convergence and interaction between flow and orographic chains. However, although 4 

ERA5 provides precipitation analyses closer to observations than ERA-Interim, neither reanalyses 5 

realistically reproduce the intense rainfall affecting the mountainous Calabria region with complex 6 

distribution patterns and very high local intensity. Thus, dynamical downscaling is required. 7 

WRF and MOLOCH simulations differ from each other and both are sensitive to the initial 8 

and boundary conditions employed. On the one hand, the analysis of the high-resolution 9 

simulations, in terms of accumulated rainfall, shows that the main characteristics of each event, in 10 

particular, the considerable intensity of precipitation, its strong correlation with the underlying 11 

orography and its highly localized nature, are accurately reproduced by both models, and add 12 

significant detail to the representation of the reanalysis rainfall field. On the other hand, moving to 13 

smaller scales, forecast uncertainties emerge and are pointed out by the statistical scores.  14 

For the quantitative evaluation of model simulations, different skill scores are analyzed in 15 

order to overcome, at least partially, the double-penalty problem (Rossa et al., 2008) that affects 16 

high-resolution model validation, but also to gain information on different aspects of rainfall field 17 

accuracy. In particular, the FSS indicates that both WRF and MOLOCH can reproduce the location 18 

of the most intense precipitation, and model simulations turn out to be generally useful at a spatial 19 

scale of about 10-15 km, sometimes even smaller. However, hydrological results show that this 20 

may not be enough to ensure accurate discharge simulations, due to the limited size of the analyzed 21 

basins, to local hydrological processes (e.g. soil moisture conditions) and also to simulated rainfall 22 

uncertainty in both space and time. The latter turns out to be related more to the mesoscale model 23 

than to the reanalysis adopted as initial/boundary conditions, since WRF and MOLOCH do not 24 
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show systematic behavior in this respect. Moreover, the relative importance of convective activity 1 

in enhancing the precipitation intensity in all three case studies add uncertainty to the model 2 

predictions: the more active the convection, the larger the differences among simulations, even 3 

driven by similar BCs. This large uncertainty associated with the rainfall simulation acts as noise 4 

that can overcome the BCs signal provided by the different reanalyses. Thus, no systematic 5 

behavior in the simulations of the two different modelling systems is detected, and no clear 6 

evidence is provided about the benefit of ERA5 IC and BCs for this kind of application at small 7 

spatial scales. The experiments do not support expected improvement in the downscaling of ERA5, 8 

compared to ERA-Interim. Moreover, the use of high-resolution SST fields to initialize mesoscale 9 

models shows even weaker influence than that observed by switching from ERA-Interim to ERA5, 10 

and does not systematically lead to more accurate simulations. 11 

These results point out the limit of a deterministic approach to simulating extreme rainfall 12 

events, due to large uncertainties affecting the forecasts, especially at the local scales appropriate 13 

for most hydrological applications. Dealing with very small catchments, as those affected by the 14 

analyzed events, makes the accurate simulation of rainfall very challenging, and errors are 15 

amplified by subsequent discharge simulations. Indeed, it is not enough to correctly simulate the 16 

evolution of the areal (i.e., domain scale) averaged precipitation since the hydrological response 17 

shows large sensitivity to the exact location (on the order of few kilometers) and to the timing of 18 

the rainfall, which greatly affects the evolution of the soil moisture conditions.  19 

Nevertheless, notwithstanding growing uncertainties with increasing downscaling 20 

resolution, each case study demonstrates accurate results through a modeling chain that ends at 21 

hydrological response in small and very small catchments. This suggests that, even for these 22 

applications, it would be useful to convey and exploit the information provided by downscaling 23 

different reanalyses with different mesoscale models to build an ensemble of precipitation 24 
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scenarios that better describe the analyzed event (e.g., Pappenberger et al., 2005; Zappa et al., 1 

2010), or even to use the multiple members of an ERA5 ensemble to improve the downscaling 2 

information. This approach would better exploit the potential of ERA5 to cope with the uncertainty 3 

and further manage it into the hydrological prediction. 4 
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Table 1. Main WRF and BOLAM/MOLOCH model setup and configuration. 1 

 2 

Main mesoscale model options 

WRF BOLAM/MOLOCH 

Resolution: 10 km (D01), 2 km (D02) 

Grid points: 187x205 (D01), 200x200 (D02) 

Vertical layers: 44 (D01, D02) 

Soil layers: 4 (D01, D02) 

Time step: 60 s (D01), 12 s (D02) 

Microphysics: Purdue Lin (Chen and Sun, 2002) 

Cumulus: Kain-Fritsch (Kain, 2004), only D01 

Shortwave radiation: Dudhia (Dudhia, 1989) 

Longwave radiation: RTTM (Mlawler et al. 1997) 

PBL: MJY (Mellor and Yamada,1982) 

Surface Layer: Eta Similarity (Janjic, 1994) 

Land Surface Model: Unified NOAH (Tewari et 
al., 2004) 

SST boundary conditions: sst_update, allowing 
dynamical SST, and sst_skin (Zeng and Beljaars, 
2005), accounting for SST dynamics 

Resolution: 8 km (BOLAM), 2 km (MOLOCH) 

Grid points: 514x306 (BOLAM), 482x410 
(MOLOCH) 

Vertical layers: 60 (both) 

Soil layers: 7 (both) 

Time step: 60 s (BOLAM), 30 s (MOLOCH) 

Radiation: Ritter and Geleyn, 1992; Morcrette et 
al., 2008  

Turbulence: E-l 1.5-order closure (Zampieri et al., 
2005) 

Soil processes and microphysics (Buzzi et al., 
2014) 

SST boundary conditions: slab-ocean model 
(Davolio et al., 2017) 

Cumulus: Kain-Fritsch (Kain, 2004), only 
BOLAM 

IC & BCs: ERA-Interim/ERA5 

ERA-Interim Resolution: 0.75° x 0.75°, pressure levels data, every 6 hours 

ERA5 Resolution: 0.25° x 0.25°, pressure levels data, every 3 hours 

SST x Native ERA-Interim/ERA5 SST fields 
x Medspiration project, resolution: 2.2 km, updated every 24 hours 

 3 

 4 

 5 

 6 
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 1 

 2 

Table 2. Starting time and range of the high-resolution WRF and MOLOCH simulations. 3 

CASE STUDY Initialization time Range (h) 

August 2015 0000 UTC, 11 Aug 48 

November 2015 0000 UTC, 30 Oct 96 

November 2016 0000 UTC, 24 Nov 60 

 4 

Table 3. Accumulated averaged precipitation between 0300-0800 UTC, 12 Aug. 2015, in 5 

Citrea Creek catchment and corresponding peak flow intensity and timing for the eight simulations. 6 

 WRF MOLOCH 

EraI EraI_Med Era5 Era5_Med EraI EraI_Med Era5 Era5_Med 

Accumulated 
precipitation 
between 
0300 ± 0800 
UTC (mm) 

3.6 65.6 0.8 77.0 6.7 35.6 0.4 3.2 

Peak Flow 
(m3s-1) 2.138 5.300 3.374 13.538 0.004 1.955 0.496 0.007 

Peak Flow 
Time (UTC) 0500 0700 0700 0500 0300 0800 0300 0300 

  7 
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Figures caption list 1 

 2 

Figure 1. Study area: a) the Calabria region. Blue dots represent rain gauges in the regional 3 

monitoring network, the red triangle indicates the location of the C-band polarimetric Doppler 4 

weather radar; b) Citrea Creek catchment; c) Ancinale River catchment; d) Bonamico Creek 5 

catchment. 6 

Figure 2. Outer and inner integration domains for WRF (blue dashed lines) and BOLAM-7 

MOLOCH (red dashed lines) simulations. 8 

Figure 3. Observed rainfall (left panel) interpolated from rain gauge regional network and radar 9 

estimates, according to the method proposed by Sinclair and Pegram (2005), surface pressure and 10 

10 m wind (middle panels) and re-analyzed rainfall (right panels) from ERA5 and ERA-Interim 11 

reanalysis, for the three heavy precipitation case studies: (a)-(e) case study I; (f)-(j) case study II; 12 

(k)-(o) case study III. (a), (d), (e) 24h rainfall at 1800 UTC, 12 Aug. 2015, (b) and (c) valid at 0000 13 

UTC, 12 Aug. 2015. (f), (i), (j) 96h rainfall at 0000, 03 Nov. 2015, (g) and (h) valid at 0000 UTC, 14 

31 Oct. 2015. (k), (n), (o) 54h accumulated rainfall at 0600 UTC, 26 Nov. 2016, (l) and (m) valid 15 

at 1200 UTC, 24 Nov. 2016. 16 

Figure 4. Simulated accumulated precipitation for the three case studies. (a)-(h) 24h rainfall at 17 

1800 UTC, 12 Aug. 2015; (i)-(p) 96h rainfall at 0000 UTC, 03 Nov. 2015; (q)-(x) 54h rainfall at 18 

0600 UTC, 26 Nov. 2016. Numerical experiments with WRF (left two columns) and MOLOCH 19 

(right two columns) driven by ERA-Interim and ERA5 (as indicated at the top of each column) and 20 

different SST (as indicated on the left of each row), as described in Table 1. Simulated precipitation 21 

can be directly compared with observations shown in Fig. 3. Numbers on the top right of each panel 22 

indicate the average precipitation over the area.  23 
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Figure 5. Case study I: rainfall peaks in a 50 km neighborhood around the Corigliano Calabro rain 1 

gauge. (a) WRF and b) MOLOCH simulations. The origin of the axes corresponds to the rain gauge 2 

location. For each simulation, the circle highlights the rainfall peak location, its color refers to the 3 

time correlation (Pearson correlation coefficient r), and the size to the percentage rain amount with 4 

respect to observations. 5 

Figure 6. Scores computed for the different WRF (left column) and MOLOCH (right column) 6 

simulations for case study II (31 Oct. - 02 Nov. 2015). FBI: Frequency Bias Index; ETS: Equitable 7 

Threat Score; POD: Probability of Detection; FAR: False Alarm Rate. All scores are calculated 8 

considering consecutive 6-hour accumulated rainfall for the periods of interest. Calculation details 9 

are illustrated in Section 2.4. 10 

Figure 7. Case study II: FSS values for (a) WRF and (b) MOLOCH simulations against 11 

neighborhood length, using a 90th percentile threshold for total accumulated precipitation. The 12 

lowest horizontal dotted line refers to FSS value for a random forecast, the highest indicates the 13 

target value (as explained in Section 4.3). 14 

Figure 8. As in Fig. 6, but for case study III (25-26 Nov. 2016). 15 

Figure 9. Case study III: FSS values for (a) WRF and (b) MOLOCH simulations, as in Fig. 7. 16 

Figure 10. Hourly rainfall and accumulated averaged precipitation in the Ancinale (1st and 2nd 17 

rows, respectively) and Bonamico (4th and 5th rows, respectively) catchment areas, and 18 

corresponding hydrographs (3rd and 6th rows, respectively) concerning the case study II (31 Oct. ± 19 

02 Nov. 2015), for the WRF (1st column) and MOLOCH (2nd column) simulations. Concerning 20 

IORZ�UDWH��³2EV´�UHIHUV�WR�PRGHOOHG�GLVFKDUJH�GULYHQ�E\�REVHUYDWLRQV� 21 

Figure 11. As in Fig. 10, but for case study III (25-26 Nov. 2016). 22 

  23 



 

46 
 

Figures 1 

 2 
Figure 1. Study area: a) the Calabria region. Blue dots represent rain gauges in the regional 3 
monitoring network, the red triangle indicates the location of the C-band polarimetric Doppler 4 
weather radar; b) Citrea Creek catchment; c) Ancinale River catchment; d) Bonamico Creek 5 
catchment. 6 
  7 
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 1 
Figure 2. Outer and inner integration domains for WRF (blue dashed lines) and BOLAM-2 
MOLOCH (red dashed lines) simulations. 3 
 4 
  5 
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Figure 3. Observed rainfall (left panel) interpolated from rain gauge regional network and radar 1 
estimates, according to the method proposed by Sinclair and Pegram (2005), surface pressure and 2 
10 m wind (middle panels) and re-analyzed rainfall (right panels) from ERA5 and ERA-Interim 3 
reanalysis, for the three heavy precipitation case studies: (a)-(e) case study I; (f)-(j) case study II; 4 
(k)-(o) case study III. (a), (d), (e) 24h rainfall at 1800 UTC, 12 Aug. 2015, (b) and (c) valid at 0000 5 
UTC, 12 Aug. 2015. (f), (i), (j) 96h rainfall at 0000 UTC, 03 Nov. 2015, (g) and (h) valid at 0000 6 
UTC, 31 Oct. 2015. (k), (n), (o) 54h accumulated rainfall at 0600 UTC, 26 Nov. 2016, (l) and (m) 7 
valid at 1200 UTC, 24 Nov. 2016. 8 
 9 
  10 
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Figure 4. Simulated accumulated precipitation for the three case studies. (a)-(h) 24h rainfall at 1 
1800 UTC, 12 Aug. 2015; (i)-(p) 96h rainfall at 0000, 03 Nov. 2015; (q)-(x) 54h rainfall at 0600 2 
UTC, 26 Nov. 2016. Numerical experiments with WRF (left two columns) and MOLOCH (right 3 
two columns) driven by ERA-Interim and ERA5 (as indicated at the top of each column) and 4 
different SST (as indicated on the left of each row), as described in Table 1. Simulated precipitation 5 
can be directly compared with observations shown in Fig. 3. Numbers on the top right of each panel 6 
indicate the average precipitation over the area.  7 
  8 
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 1 

 2 
 3 
Figure 5. Case study I: rainfall peaks in a 50-km neighborhood around the Corigliano Calabro rain 4 
gauge. (a) WRF and b) MOLOCH simulations. The origin of the axes corresponds to the rain gauge 5 
location. For each simulation, the circle highlights the rainfall peak location, its color refers to the 6 
time correlation (Pearson correlation coefficient r), and the size to the percentage rain amount with 7 
respect to observations. 8 
 9 
  10 
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 1 
Figure 6. Scores computed for the different WRF (left column) and MOLOCH (right column) 2 
simulations for case study II (31 Oct. - 02 Nov. 2015). FBI: Frequency Bias Index; ETS: Equitable 3 
Threat Score; POD: Probability of Detection; FAR: False Alarm Rate. All scores are calculated 4 
considering consecutive 6-hour accumulated rainfall for the periods of interest. Calculation details 5 
are illustrated in Section 2.4.  6 
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 1 

 2 

Figure 7. Case study II: FSS values for (a) WRF and (b) MOLOCH simulations against 3 
neighborhood length, using a 90th percentile threshold for total accumulated precipitation. The 4 
lowest horizontal dotted line refers to FSS value for a random forecast, the highest indicates the 5 
target value (as explained in Section 4.3). 6 
 7 
  8 
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 1 
Figure 8. As in Fig. 6, but for case study III (25-26 Nov. 2016). 2 
  3 
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 1 
Figure 9. Case study III: FSS values for (a) WRF and (b) MOLOCH simulations, as in Fig. 7. 2 
 3 
  4 
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 1 
Figure 10. Hourly rainfall and accumulated averaged precipitation in the Ancinale (1st and 2nd 2 
rows, respectively) and Bonamico (4th and 5th rows, respectively) catchment areas, and 3 
corresponding hydrographs (3rd and 6th rows, respectively) concerning the case study II (31 Oct. ± 4 
02 Nov. 2015), for the WRF (1st column) and MOLOCH (2nd column) simulations. Concerning 5 
IORZ�UDWH��³2EV´�UHIHUV�WR�PRGHOOHG�GLVFKDUJH�GULYHQ�E\�REVHUYDWLRQV�� 6 
  7 
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 2 
Figure 11. As in Fig. 10, but for case study III (25-26 Nov. 2016). 3 
 4 
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