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Abstract

On 3 July 2006, an exceptionally heavy convective rainfall affected a small area

in Calabria, Italy. A rainfall amount of 202 mm was recorded in 2.5 hours , pro-

ducing considerable damage and causing a localized flash flood. The Weather

Research and Forecasting model (WRF) was used to analyse the instability

present in the event and the related triggering mechanisms. The high-resolution

simulation is able to correctly identify the position of the precipitation peak and

to clarify the mesoscale processes involved, although it significantly underesti-

mates the total amount of precipitation. Some sensitivity experiments confirm

the importance of the choice of Planetary Boundary Layer and microphysics pa-

rameterization schemes for a correct simulation of the event, showing a strong

sensitivity to these numerical tests. Also, the need for high horizontal resolution

emerges clearly: an accurate representation of the orography at small scales, is

required to simulate the event in its correct location. Instability indices identi-

fied an extremely favorable environment for convection development, with very

high values of CAPE and high moisture content at low levels. The low moun-

tains near the rainfall peak play an important role in triggering the release of

instability and controlling the location of rainfall; in particular, the peculiar

morphology of the orography creates low-level wind convergence and provides

the uplift necessary for the air parcels to reach the level of free convection. In
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this framework, nondimensional parameters, such as the Froude number, have

been calculated to better understand the interaction of the flow with the orog-

raphy.

Keywords: heavy rainfall, numerical models, orography, convection, flash

flood

1. Introduction1

One of the most challenging problems in meteorology is quantitative precip-2

itation forecasting, especially when predicting heavy rain events. Large rainfall3

amounts could be due to convective cells moving repeatedly along the same4

track but also to stationary cells, located for instance on the convergence line5

between a cold pool and the upstream flow (Chappell, 1986). These events,6

which may induce flash flooding, sometimes producing loss of life and affecting7

the local economy, are often associated with the orography, which serves as a8

fixed lifting mechanism to force moist flow to its lifting condensation level and9

to ”anchor” the system. The Mediterranean region is prone to flash floods since10

littoral and pre-littoral mountain areas favour torrential rain concentrated in11

small catchments (Llasat et al., 2016). In fact, flash floods are considered the12

most dangerous meteorological hazards in the Mediterranean due to their high13

frequency, human activity and number of people affected (Llasat-Botija et al.,14

2007).15

The occurrence of heavy rainfall conducive to flash floods is well documented16

around the world in regions with complex orography (see for example Pontrelli17

et al. (1999); Miglietta and Rotunno (2012). In order to better understand the18

mechanisms of triggering and development of orographic precipitation, a variety19

of specific observation campaigns have been developed, such as the Mesoscale20

Alpine Programme (MAP; Rotunno and Houze (2007)), the Convective and21

Orographically-Induced Precipitation Study (COPS; Wulfmeyer et al. (2011), or22

the Southwest Monsoon Experiment/Terrain-Influenced Monsoon Rainfall Ex-23

periment (SoWMEX/TiMREX; Davis and Lee (2012)). Also, the recent HYdro-24
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logical cycle in the Mediterranean EXperiment (HyMeX, http://www.hymex.org;25

Ducrocq et al. (2014)) aims at improving the scientific knowledge of the water26

cycle variability in a region with rough orography like the Mediterranean basin.27

Delrieu et al. (2005) summarized the conditions necessary for potentially28

dangerous flash flood episodes at different scales: a deep and sustained source29

of heat and moisture, such as the Mediterranean Sea, especially at the end of30

summer or the beginning of autumn, when the sea is still warm and the intru-31

sions of colder air are more frequent; a large-scale mechanism of convergence and32

lifting, e.g. provided by a deep upper-level cold trough, which is a typical fea-33

ture in most Mediterranean storms; the presence of significant orography next34

to the sea, as in the Mediterranean region, which acts as triggering mechanism35

of convection and deflects the low-level flows inducing local convergence, which36

may locally cause the release of instability and induce heavy rainfall (Altinbilek37

et al., 1997). The influence of the orography is sometimes very localized, so that38

even very small scale features can play an important role (Gheusi and Stein,39

2003). To improve the prediction of heavy rain events we need, on one hand,40

to understand the mechanisms governing the development of convection and41

determining the precise location of precipitation systems. On the other hand,42

an ensemble approach appears absolutely necessary to take into consideration43

the uncertainty in the initial conditions and in the physics parameterizations44

for unresolved sub-grid scale processes (Yu and Tae-Young, 2010; Fiori et al.,45

2014; Miglietta et al., 2015).46

The present study deals with an isolated heavy rain event, which was re-47

sponsible for a flash flood in a very localized area in Calabria at the extreme48

southern tip of Italy. The rain persisted for about 2.5 hours (Chiaravalloti and49

Gabriele, 2009), during which the rainfall amount summed up to about 203 mm.50

Calabria, due to the presence of complex orography surrounded by a warm sea,51

is frequently affected by intense rainfall episodes. Seven cases with hourly rain-52

fall larger than 50 mm h−1, and three with rainfall accumulation larger than53

200 mm h−1 in 24 h have been identified just during 2015 (data courtesy of54

IRPI-CNR).55
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Considering the importance of these events, which not only can significantly56

damage road and rail connections, but occasionally result in the loss of human57

lives, several episodes have been studied in the scientific literature. Generally,58

single case studies have been analysed (Federico and Bellecci, 2006; Federico59

et al., 2008a), also considering the sensitivity to upper level forcing (Federico60

et al., 2007) and the role of orography and sea surface fluxes (Federico et al.,61

2003). These studies pointed out that the peculiar geographical features of62

Calabria, i.e. the presence of steep mountain ranges near a warm sea, can lead63

to persistent precipitation patterns over localized areas. Federico et al. (2008b)64

found eleven circulation patterns associated with heavy rainfall in the region of65

Calabria, allowing the detection of the most recurrent circulation conducive to66

severe weather.67

The paper is organized as follows. Section 2 describes the observations and68

synoptic conditions during the event. Section 3 introduces the numerical setup69

used for the present experiments. In Section 4, results are shown, focusing on70

both the sensitivity of the simulation to different setups and to the mechanisms71

responsible for the development of the rainfall; a discussion in terms of nondi-72

mensional parameters is also provided; conclusions are presented in Section 5.73

2. Synoptic analysis and observations74

As discussed above, the event of 3 July 2006 in Vibo Valentia (Calabria,75

Italy) was exceptional in intensity, and extremely localized since the most in-76

tense part affected an area of about 20 km2 (Chiaravalloti and Gabriele, 2009).77

Apparently, no large-scale systems were present over the Italian peninsula; the78

Meteosat Second Generation (MSG) data (unfortunately no radar data and79

radiosoundings were available nearby) suggest the event can be classified as80

convective, as it will be shown in more detail in Section 2.1. Figure 1 shows the81

rain gauges available in the study area. The stations a few km away from Vibo82

recorded a maximum of only 8 mm during the whole event, clearly showing its83

very localized character. Thus, for its short duration and limited extent, the case84
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study of 3 July 2006 represented a serious challenge for forecasters, both from85

the operational point of view and from the perspective of better understanding86

the mechanisms responsible for its genesis.87

We start the analysis describing the synoptic conditions. The European Cen-88

ter for Medium-range Weather Forecast (ECMWF) analyses (Simmons, 1991)89

with 0.25 ◦ horizontal resolution are shown in Figure 2. In particular, the 50090

hPa geopotential height and the mean sea level pressure (MSLP) at 1200 UTC91

2 July (Figure 2a), thus before the event, and 1200 UTC 3 July (Figure 2b),92

after its occurrence, are shown.93

The 500 hPa maps at 1200 UTC 2 July (Figure 2a) show an omega-like94

configuration, consisting of a ridge reaching the Scandinavian countries and two95

low pressure centers, one situated over the Atlantic coast of Portugal and the96

other one, weaker, centered over the Greek islands. Southern Italy is marginally97

affected by the latter low pressure system, responsible for a northwesterly flow98

at upper levels. The MSLP field of 2 July 1200 UTC (Figure 2a) shows, sim-99

ilarly, that also at lower levels southern Italy is affected by a northerly flow100

associated with the low pressure centered in the eastern Mediterranean area.101

At 1200 UTC 3 July (Figure 2b), the configuration at 500 hPa is very similar to102

24 hour before, but showing an intensification of the low pressure center in the103

Mediterranean. We observe a similar situation also for the MSLP field (Figure104

2b); however, the formation of a small low pressure minimum near the Tyrrhe-105

nian coast of southern Italy determines some variability in the surface winds106

within the prevailing northwesterly flow. This type of synoptic configuration107

has been classified by Federico et al. (2008a) as one of the favorable settings108

(cluster AP11) for convective development in Calabria. Looking at the 300 hPa109

maps (not shown) we can identify a straight jet stream near Calabria. Although110

Chiaravalloti and Gabriele (2009) showed that the maximum is located near the111

east (Ionian) coast of Calabria region at 1200 UTC, the simulations analysed112

here point out that during the development of the episode, the maximum wind113

was identified on the northern coast of Calabria, which may have favored the114

development and maintenance of convection.115
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2.1. Satellite interpretation116

The severe storm was localized on few tens of squared kilometres inducing117

an exceptional and intense rainfall. Satellite images well describe the evolution118

of convection from the early morning around 0500 UTC until 1030 UTC when119

the rainrate reached the maximum value of 35 mm in 15 min (Chiaravalloti and120

Gabriele, 2009). The only two available NOAA satellite overpasses allow quan-121

tifying the rain rates by evaluating the cloud type with the 183-WSL (Laviola122

and Levizzani, 2011; Laviola et al., 2013) and MicroWave Cloud Classification123

(MWCC) method (Miglietta et al., 2013), respectively. In the early morning,124

a shallow convection producing precipitation intensity lower than 10 mm h−1125

formed, partially saturating the soil. By using the rain gauge measurements126

reported in Chiaravalloti and Gabriele (2009) as ground truth, the persistence127

of convection over the Vibo Valentia area can also be shown by exploiting a128

sequence of MSG-SEVIRI images (Figure 3). The retrieval with the 183-WSL129

(Figure 4, left panel) combined with that of the MWCC for cloud classification130

(Figure 5, left panel) clearly demonstrate the weak intensity of convection at131

0500 UTC. This conclusion is reinforced by the relatively high brightness tem-132

peratures at the top of clouds measured by MSG, with values around 240 K.133

The mature stage of convection, which corresponds to the maximum vertical134

development and the highest rain intensity, is depicted in the right panels of135

Figures 4 and 5, respectively. The quantification of rain rates, as assessed by136

183-WSL, is around 15 mm h−1 when the convection is towering up to the top137

of the troposphere (8-10 km) with MSG cloud top temperatures of around 210138

K.139

3. Model setup and numerical experiments140

A brief description of the model set up and the conditions of the experiments141

performed with the Weather Research and Forecasting (WRF) model version142

ARW-3.7.1 (Skamarock et al., 2008) is described here. WRF domains are shown143

in Figure 1. Three nested domains were defined in the ”control run”, following144
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a one-way nesting strategy: the coarse-resolution domain designated as D01145

(15-km grid spacing) covers the central Mediterranean basin, the intermediate146

domain D02 (3-km grid spacing) covers southern Italy and the inner most do-147

main D03 (600-m grid spacing) covers approximately the Calabria region. In the148

three domains, 41 sigma levels are considered with the model top at a constant149

pressure surface (50 hPa). Sigma levels are not equally spaced, defining higher150

vertical resolution in the lower levels (10 sigma levels up to 900 hPa).151

Different physics parameterization schemes are available in WRF for differ-152

ent processes. In the control run, we applied the Thompson scheme (Thompson153

et al., 2008) for microphysical processes, the Kain-Fritsch scheme (Kain, 2004)154

for convective parameterization, applied only to D01, the 5-layer Thermal Dif-155

fusion land surface scheme (Janjic, 1996) and MM5 Similarity surface layer156

scheme (Zhang and Anthes, 1982), the rapid radiative transfer (RRTM) model157

for longwave radiation (Mlawer et al., 1997), and the Dudhia scheme for short-158

wave radiation (Dudhia, 1989). Finally, the YSU PBL was used as boundary159

layer scheme (Hong and Dudhia, 2006). This combination of parameterizations160

has successfully been tested in the past in another case of intense convection in161

southern Italy (Miglietta and Regano, 2008).162

The ECMWF analyses (Simmons, 1991) were used as initial and boundary163

conditions, the latter updated every 3 hours. Temporal resolution of the output164

was 3 h for D01 and D02 and 1 h for D03. The period covered by the simulation165

was 24 h, beginning at 1200 UTC on 2 July 2006. Other starting times have166

been tested but only the initial time corresponding to the best model results is167

analyzed hereafter.168

4. Results169

4.1. Sensitivity170

Recently, Barrett et al. (2015) explored the possibility to simulate some171

convective rainbands in England with an ensemble approach, finding that while172

the topography provides some predictability, the simulation accuracy remains a173
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forecast challenge. In order to explore this point also in our case study, we start174

considering the role of different large scale forcing on the model simulations.175

Figure 6 shows the differences between the control simulation and a test176

simulation with initial and boundary conditions provided by the Final (FNL)177

Operational Global Analyzes from National Centers for Environmental Predic-178

tion (NCEP). Note that ECMWF analyses are the result of an operational daily179

routine and have a higher resolution (0.25◦ of grid spacing in 2006); in contrast,180

FNL are the final analysis from NCEP, where additional data are added a-181

posteriori to modify the operational real-time analysis. They have a coarser182

grid spacing of 1◦. Figure 6a shows that the control run is able to correctly183

localize the rainfall peak. Although the hourly precipitation (not shown) is un-184

derestimated and anticipated by a few hours compared to the observations, the185

simulation is nevertheless able to reproduce a remarkable amount (80 mm), con-186

centrated in a couple of hours as in the observations (Chiaravalloti and Gabriele,187

2009). Also, the precipitation appears elongated in a rainband (a similar pat-188

tern can be identified from satellite) in the direction of the upper level flow.189

In contrast, the FNL test (Figure 6c) only simulates 45 mm and the location190

of maximum precipitation is shifted farther east of Vibo Valentia station. To191

understand the reasons for such differences, the 850 hPa geopotential height192

maps of the control run (Figure 6b) and FNL test (Figure 6d) are compared193

at 1200 UTC 2 July, i.e, the initial time of the simulation. Both maps show a194

very similar synoptic configuration, close to that described in Figure 2. How-195

ever, the FNL analysis shows a positive bias with higher geopotential heights196

all over the domain. Also, over southern Italy the two analyses look slightly197

different, with a stronger pressure gradient in the ECMWF analysis while a198

cyclonic curvature is more apparent near Calabria in the FNL analysis. Finally,199

the 850 hPa temperature is very similar between the control run (Figure 6b)200

and FNL test (Figure 6d), with temperatures around 290 K in Calabria region.201

Apparently, small differences between the large-scale analyses were responsible202

for significant changes in the rainfall patterns.203

In order to consider how a change in horizontal resolution could affect the204
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rainfall amount, first we show in Figure 7a the rainfall simulated in D02 in the205

control run. Although the amount of precipitation simulated by the WRF model206

is similar to that in D03, the location of precipitation is not so accurate as in207

the latter domain due to its coarser horizontal resolution (the grid spacing in208

D02 is 3 km), which does not allow to represent sufficiently the orography of the209

region. Figure 7b shows the rainfall in an experiment with similar setup as the210

control run, and grid spacing of 1 km in the inner grid, 4 and 16 km respectively211

in the coarser domains, but domain size similar to the control run. In this case,212

the accumulated precipitation is greater (around 95 mm) compared to D03 in213

the control run, but, as in Figure 7a, the location of the maximum precipitation214

is farther east of Vibo Valentia station. Both tests highlight the importance of a215

fine horizontal resolution, particularly in the inner grid, to correctly represents216

the topography of the region and identify correctly the location of the convective217

rainfall.218

Other simulation tests were performed to check the sensitivity of the model to219

different parameterization schemes (in particular, microphysics and PBL). For220

this purpose, experiments differing from the control run for the use of the God-221

dard (Tao et al., 1989) and WSM6 (Hong and Lim, 2006) microphysics, and for222

the MYNN2 (Nakanishi and Niino, 2006) and ACM2 (Pleim, 2007) PBL schemes223

were performed, modifying only one scheme at a time. Sensitivity experiments224

to PBL schemes, respectively using ACM2 (Figure 7c) and MYNN2 (Figure 7d),225

present similar precipitation amounts to the control run, with maxima between226

75 and 85 mm, but the location of the precipitation peaks are placed again in227

the wrong position, northeastward of the Vibo Valentia gauge.228

Finally, the tests with Goddard (Figure 7e) and WSM6 (Figure 7f) schemes229

produce an incorrect location of convection, shifted some tens of km to the east,230

and understimate the amount of precipitation significantly.231

Summarizing, it turns out that the predictability of this case was extremely232

limited. Changing either the spatial resolution or the parameterization of the233

PBL may significantly affect the location of the heavy rainfall, although the234

simulated amount changed only slightly. In contrast, microphysical parameteri-235
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zations can significantly influence also the rainfall amount. Taking into account236

that the period when most of the precipitation was recorded by the observations237

and simulated by the model were similar, the understimation in the cumulated238

precipitation is mainly due to a weaker rainfall intensity than to a lack of sta-239

tionarity of the storm. In the following, only the results of the control run will240

be discussed.241

4.2. Instability242

Johns and Doswell III (1992) and Houze (1993) defined three general require-243

ments for convective development: sufficiently deep instability layers, sufficient244

moisture at the lowest levels, and a triggering mechanism that activates the245

convective process if sufficient energy is available in the atmosphere. To study246

the first two conditions, thermodynamic indices are usually defined, which in-247

dicate potential storm development according to air mass properties such as248

humidity, temperature and helicity (Kunz, 2007). With this preamble, we are249

going to focus on the analysis of some parameters and instability indices related250

to instability and moisture.251

The maximum precipitation detected by WRF in the control run, was simu-252

lated at 0600 UTC, with a rainfall rate of about 60 mm in one hour. Hereafter,253

we want to analyse whether environmental conditions conducive to convection254

were detected by the control run a few hours before the rainfall started. For255

this purpose, six instability indices have been analysed at 0300 UTC on July256

3: most unstable CAPE (MCAPE) (Moncrieff and Miller, 1976), level of free257

convection (LFC), total totals (TT) (Miller, 1972) and potential instability (PI)258

(Saucier, 1955), most unstable convective inhibition (MCIN) (Colby, 1984) and259

mean relative humidity in the lower 300 hPa (MRH) indices. MCAPE and260

MCIN were calculated using the most unstable lifted parcel, i.e. the parcel with261

maximum equivalent potential temperature (θe) in the column.262

Figure 8a shows that very high values of MCAPE (up to 3000 Jkg−1) affect263

the southern Tyrrhenian Sea, i.e. the region upstream of Vibo Valentia. This264

area of high instability reaches the interior of Calabria, indicating high energy265
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availability in the first hours of July 3, just before the episode. At the same266

time, LFC (Figure 8b) is low, between 400 and 600 m, in the same region. Thus,267

in the presence of a small uplift, strong convective activity may easily develop.268

To further analyse the instability and the moisture present in the area in269

pre-convective conditions, Figure 9 shows four other instability indices. Figure270

9a shows the TT index: values around 50 K are simulated in a band extending271

from west-northwest to east-southeast from the Tyrrhenian to the Ionian Sea,272

reaching its maximum of 54 K in the interior of Calabria: such values are273

generally indicative of possible severe thunderstorms. Figure 9b shows that the274

pattern of PI (defined as the difference between θe at 500 hPa and at 850 hPa)275

is very similar to that of TT, with negative values down to -20 K, indicating276

the presence of great instability in that area. This is mainly due to very high277

values of θe at low levels in the Tyrrhenian Sea, combined with low values of θe278

in the upper level (around 500 hPa) over the Ionian Sea but extending toward279

the northern part of Calabria region, with a minimum value of 322 K at 400280

hPa (not shown). Figure 9c shows that the high θe at low levels is mainly281

due to the high moisture content, since large areas in Calabria show averaged282

relative humidity above 80% in the lower 3 km. Such high moisture content283

is responsible for very small values of MCIN (Figure 9d) simulated over the284

Tyrrhenian Sea and in the interior of Calabria.285

The band of high low-level moisture content, which is responsible for the high286

values of all the instability indices, is shown in Figure 9 and is advected by the287

prevailing northwesterly flow, associated with the small low pressure minimum288

near the Tyrrhenian coast of southern Italy, from the central Tyrrhenian sea289

southeastward. This is shown more clearly in Figure 10.290

Figures 10a and 10b show cross-sections (from NW to SE) of θe and the291

water vapor mixing ratio 12 hours and 6 hours before the precipitation peak,292

respectively, in D02. At 1800 UTC (Figure 10a), high values of θe up to 348 K293

are observed between the horizontal grid points 0 and 60, over the Tyrrhenian294

Sea, while in the northern part of the mountain, θe does not reach 340 K. In295

contrast, 6 hours later (Figure 10b), the area with high water vapor content296
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is horizontally advected toward the mountain, increasing the low level θe and297

creating an unstable environment near Vibo.298

The motivation for such a high moisture content can be understood analyzing299

sea surface temperature (SST) field. Many authors have studied the role of the300

SST and latent heat flux (LHT) in convection development in extratropical301

areas (M.Beljaars, 1995; Bretherton et al., 2005; Yokoi et al., 2014) and more302

specifically in the Mediterranean (Khain et al. (1993); Miglietta et al. (2011);303

Cassola et al. (2016). The Italian National Research Council (CNR) has recently304

produced daily (nighttime), 4 km resolution REP L4 MED datasets (Pisano305

et al., 2016), based on the latest Pathfinder v5.2 AVHRR dataset (1982-2012,306

Casey et al. (2010), and freely distributed through the CMEMS. Figure 11a,307

which represents the SST on July 3, shows very high temperatures up to 301308

K (red areas), covering all the southern Tyrrhenian Sea. Also, an intense LHT309

(Figure 11b) up to 400 Wm−2 is found, mainly as a consequence of the intense310

low-level flow across the area indicating a strong energy transfer from the sea311

to the atmosphere. These fluxes have the effect of increasing the humidity and312

the temperature in the lower levels, determining conditions closer to saturation313

and increasing θe in the lower troposphere, and consequently PI. Incidentally,314

as a consequence of the low level wind structure, the fluxes are particularly315

strong in a filament elongated from the Tyrrhenian Sea up to the coast near316

Vibo Valentia (Figure 11b). On the other hand, another area with high values317

of LHT is present in the Ionian Sea; however, the properties of the air mass318

in this area are different, since it is characterized by low moisture in the low-319

middle troposphere and lower MCAPE, thus conditions unfavorable for the320

development of convection.321

4.3. Mechanisms of convection322

To analyse further the triggering mechanisms involved in convection, θe and323

the cloud water plus ice content at 0300 UTC (Figure 12b), 0500 UTC (Fig-324

ure 12c) and 0600 UTC (Figure 12d) on 3 July are plotted along a NNW-SSE325

cross section (thus along the prevailing wind direction and the precipitation line)326
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whose position is shown in Figure 12a. The cross-section extends vertically from327

1000 to 250 hPa and represents model fields in D03. Figure 12b shows a pertur-328

bation in θe, associated with potentially warm air in the middle troposphere,329

a few km upstream of the coastline (at point x = 30). The isotherms are very330

dense between 750 and 650 hPa, producing an increase in the (negative) vertical331

gradient of θe, locally determining conditions of enhanced instability.332

Figures 12c and 12d present the cross-section when the onset of convection333

was detected (at 0500 UTC) and at the time of maximum intensity (at 0600334

UTC), respectively. At the beginning of convection (Figure 12c), the distur-335

bance observed at 0300 UTC reaches the orography of the region, which provides336

the uplift necessary for releasing the instability. Apparently, the uplift due to337

the small bump (a few hundred meters high) near Vibo, located upstream of the338

Apennines (which are farther east in the cross section) is sufficient to overcome339

the inhibition. As a consequence, convective cells develop, from the boundary340

layer up to 400 hPa. The maximum water and ice content is found at low levels341

(around 800 hPa), reaching a value of 1.6 g kg−1. Figure 12d shows that one342

hour later convection develops downstream of the first obstacle, closer to the343

main mountain range. At this time, the vertical extent of the cloud reaches344

again 400 hPa; however, in contrast to the previous time, the highest amounts345

of water and ice content (up to 2.4 g kg−1) are found in the highest levels. This346

increase of cloud content at high levels is consistent with the increase of vertical347

velocities during the convective development, especially at 0600 UTC when a348

maximum speed of 16 m s−1 was detected (not shown).349

The present analysis has shown that, within an environment favorable to350

convection, the advection of a θe perturbation may have locally enhanced the351

instability, which is released when the airflow impinges on the mountain. It352

remains to be determined whether low-level mechanisms may have also con-353

tributed to the exact localization of rainfall. Low-level convergence upstream of354

the mountain and over the sea is a frequent lifting mechanism induced by the355

alteration of the low-level flow by mountains and islands, which is particularly356

effective in the Mediterranean (Duffourg et al., 2016). In fact, mountainous357
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terrain can influence atmospheric flow in the mesoscale through lifting, flow de-358

viation or blocking with a strong impact on the development of precipitating359

convection (Barthlott et al., 2014). Calabria has a complex orography that can360

generate and deviate local winds to determine areas of low level convergence.361

In a region surrounded by the sea as Calabria, on a local scale sea (and land)362

breezes driven by differential heating can also contribute to convergence patterns363

leading to convection initiation. Figure 13 shows a detail of the area affected364

by the peak of precipitation (box in Figure 12a), where the water vapor flux365

divergence, wind vectors at 925 hPa and the 24-h accumulated precipitation366

(from 2 July at 1200 to 3 July at 1200) are represented. It is remarkable that367

the maximum water vapor flux convergence is co-located with the precipitation368

maximum over a relatively low but very steep orograpic peak around 500 m369

high, which is separated from a higher orographic obstacle by a narrow valley.370

The peculiar small-scale orographic features appear to favor convergence in two371

points, respectively located above the small peak (corresponding to the precipi-372

tation maximum) and a few km farther downstream, determining the rainband373

pattern present in the simulations.374

Numerical studies have shown the role of small-scale topographic obsta-375

cles in triggering and anchoring the rainfall (Kirshbaum and Durran, 2005a,b).376

This is true particularly in subtropical humid climate zones, where the lower377

atmosphere is very humid and the LFC is often very low, so that convection378

can easily occur even for a small vertical lifting (Umemoto et al., 2004). The379

Mediterranean sea can also show similar conditions. For example, Miglietta and380

Regano (2008) showed that the low Murge hills in Apulia (about 700 m high)381

were able to trigger convection in a moist conditionally unstable flow from the382

Ionian Sea, producing a flash flood in southeastern Italy.383

4.4. Nondimensional analysis384

Analysis of the vertical profiles simulated by WRF model 30 km upstream of385

the rainfall peak identified by the model, can give a better idea of the changing386

environmental conditions before the start of rainfall. Figure 14 shows the sim-387
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ulated soundings at 1800 UTC 2 July (Figure 14a), at 0000 UTC (Figure 14b)388

and at 0300 UTC 3 July (Figure 14c). Figure 14a shows that the environmen-389

tal conditions initially are far from saturation. The wind field, predominantly390

northwesterly, shows weak vertical shear both in terms of direction and inten-391

sity throughout the profile. In Figures 14b, the atmosphere is saturated from392

low levels to a height of 800 hPa, which is consistent with the very moist air393

observed in Figure 9c and Figure 10b. Nearly saturated conditions persist in394

the low levels also at 0300 UTC (Figure 14c). It is interesting to note that the395

low-level wind changes to southwesterly at 0000 UTC (Figure 14b), becoming396

westerly at 0300 UTC (Figure 14c) while the wind speed slightly intensifies.397

Such modifications may affect the interaction of the flow with the orography by398

modifying the component of the wind perpendicular to the obstacle.399

The orographic mechanism responsible for the uplift and the intensification400

of convection may be analysed using some nondimensional parameters. These401

fields are evaluated in the same place as the vertical profiles, 30 km upstream of402

the rainfall peak, thus not directly affected by the interaction of the flow with403

the orography and the eventual development of orographic convection. Their404

values are reported in Table 1, showing also the time evolution before, during405

and after the storm occurrence.406

First, we consider the Froude number (Fr), which allows to roughly estimate407

whether the wind is able to flow over or around the orographic obstacle (Smith,408

1979; Miglietta and Buzzi, 2004). In the present study, it is defined as: Fr =409

hN/U , where h = 450 m is the approximate mountain height of the hill near410

Vibo the atmospheric flow impinges on, N the moist Brunt-Väisälä frequency411

(in the lower 1 km, and U the wind speed averaged in the lower 1 km), which is412

the depth of the layer more directly affected by the interaction of the flow with413

the orography. Although it may be questionable to use Fr for the identification414

of the flow regime in the case of moist conditionally unstable flows, we believe415

that its time variation can provide some useful information about the transition416

between the two regimes of flow over and flow around (Davolio et al., 2016).417

As a consequence of the intensification of the low level flow immediately418
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before the event, Fr increases above 1: this value represents conditions favorable419

to ”flow over” the obstacle. Thus, the air impinging over the mountain can be420

easily lifted and reach the level of free convection, which is low in the present421

case (h/LFC, defined following Miglietta and Rotunno (2009), is about 0.7 at422

0300 UTC, thus LFC is around 600 m), as also discussed in Subsection 4.1. On423

the other hand, the conditions appear less favorable both before and after the424

simulated event, due to the higher value of LFC.425

Miglietta and Rotunno (2009, 2010) identified some non-dimensional num-426

bers, depending on the mountain geometry and the dynamic and thermody-427

namic characteristics of the airflow, to evaluate the typology of solution one428

should expect in the case of conditionally unstable flows past a mesoscale moun-429

tain ridge. The parameter that better identifies the behavior of the solution in430

moist conditionally unstable conditions is (see Fig. 1 in Miglietta and Rotunno431

(2012)) the rate of the advective time scale a/U to the convective time scale432

htrop/(CAPE)0.5, where htrop is the height of the tropopause. In the present433

case, it is about 5 during the event, suggesting the presence of conditions favor-434

able to stationary orographic convection (Fig. 3a in (Miglietta and Rotunno,435

2010). Effectively, in the present case study, the orographic rainfall appears436

persistent in the same area during the whole duration of the event. This fact,437

combined with the analysis of the temperature field in the low levels, excludes438

the presence of cold pools induced by the evaporation of rainfall.439

5. Conclusions440

A heavy rainfall convective event in the Calabria region (southern Italy)441

with a recorded precipitation amount of more than 200 mm in 2.5 h, and af-442

fecting an area of about 20 km2, has been analysed. This case study, based on443

high-resolution WRF model simulations validated by raingauge observations,444

presents a high degree of complexity due to its very localized occurrence and445

the complexity of the responsible mechanisms. Considering the peculiar mor-446

phology of the region, several mechanisms could be responsible for the localized447
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triggering of convection, for example, lee waves induced by small-scale obstacles448

(as in Kirshbaum et al. (2007b,a)), mountain thermal circulation over the local449

mountains, sea-breeze convergence due to the convex coastline in the region, or450

a combination of mountain and sea-breeze circulation. Looking at the model451

simulation, none of these mechanisms appear effective in the present case. In452

contrast, the rainfall appears to be generated by a combination of other fac-453

tors: an environment extremely favorable to convection determined by MCAPE454

values greater than 3000 J kg−1 and TT values around 54 K, associated with455

high moisture content in the low levels, which determines high potential insta-456

bility, low LFC and small MCIN; the presence of a small perturbation in θe457

that temporarily and locally enhances the instability; the lifting induced by the458

orography, which removes the small inhibition allowing their air parcels to reach459

the level of free convection.460

The exact localization of the rainfall event is associated with the low-level461

convergence induced by the peculiar morphology of the region, which deflects462

the low-level flow determining the development of convection near Vibo.463

Moreover, the sensitivity experiments show the importance of PBL and mi-464

crophysics parametrization schemes for the correct prediction of precipitation465

both in the amount and localization. An ensemble approach using advanced466

data assimilation methods appears necessary to account for the limitations in467

the representation of the initial conditions and in the model formulation es-468

pecially in events like this, showing strong sensitivity to different numerical469

setups. Additional tests highlight the importance of defining grids (in partic-470

ular the inner one) with fine horizontal resolution. This allows to represent471

correctly the topography of the region, thus allows for a more correct localiza-472

tion of the convective rainfall. About this point, other heavy rain events have473

been recorded in recent years near Vibo Valentia, suggesting the importance of474

the small scale orography to determine their localization in the same area. This475

peculiar morphology determines a stationary triggering location, just upstream476

of Vibo Valentia. The rainfall event appears due to individual convective cells,477

although the repeated initiation of cells at a fixed location and their advection478
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downstream gave them a banded appearance.479

The present study identifies a peculiar mechanism that may play an impor-480

tant role in other heavy rain events in the region and in other areas with similar481

characteristics. The analysis of additional events will possibly give a better un-482

derstanding of this type of event in the Mediterranean area and provide a more483

robust statistical support to these results.484
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tinet, M., Säıd, F., Bock, O., 2016. Offshore deep convection initiation and546

20

http://dx.doi.org/10.1175/JAS-D-11-0120.1
http://dx.doi.org/10.1175/JAS-D-11-0120.1
http://dx.doi.org/10.1175/JAS-D-11-0120.1
http://dx.doi.org/10.1002/qj.2731


maintenance during the HyMeX IOP 16a heavy precipitation event. Q. J. R.547

Meteorol. Soc. doi:10.1002/qj.2725.548

Federico, S., Avolio, E., Bellecci, C., Lavagnini, A., Colacino, M., Walko, R.L.,549

2008a. Numerical analysis of an intense rainstorm occurred in southern Italy.550

Nat. Hazards Earth Syst. Sci. 8, 19–35. doi:10.5194/nhess-8-19-2008.551

Federico, S., Avolio, E., Bellecci, C., Lavagnini, A., Walko, R.L., 2007. Pre-552

dictability of intense rain storms in the Central Mediterranean basin: sensi-553

tivity to upper-level forcing. Adv. in Geosciences 12, 5–18.554

Federico, S., Avolio, E., Pasqualoni, L., Bellecci, C., 2008b. Atmospheric pat-555

terns for heavy rain events in Calabria. Nat. Hazards Earth Syst. Sci. 8,556

1173–1186. doi:10.5194/nhess-8-1173-2008.557

Federico, S., Bellecci, C., 2006. The 11-12 December 2003 storm in Southern558

Italy. Adv. in Geosciences 7, 37–44.559

Federico, S., Bellecci, C., Colacino, M., 2003. Quantitative precipitation of the560

Soverato flood: the role of orography and surface fluxes. Il Nuovo Cimento561

26 C, 7–22.562

Fiori, E., Comellas, A., Molini, L., Rebora, N., Siccardi, F., Gochis, D.J.,563

Tanelli, S., Parodi, A., 2014. Analysis and hindcast simulations of an extreme564

rainfall event in the Mediterranean area: The Genoa 2011 case. Atmos. Res.565

138, 13–29.566

Gheusi, F., Stein, J., 2003. Small-scale rainfall mechanisms for an idealized567

convective southerly flow over the Alps. Q. J. R. Meterol. Soc. 129, 1819–568

1840.569

Hong, S.Y., Dudhia, J., 2006. A new vertical diffusion package with an explicit570

treatment of entrainment processes. Mon. Wea. Rev. 134, 2318–2341.571

Hong, S.Y., Lim, J.O.J., 2006. The WRF single-moment 6-class microphysics572

scheme (WSM6). J. Korean Meteor. Soc. 42, 129–151.573

21

http://dx.doi.org/10.1002/qj.2725
http://dx.doi.org/10.5194/nhess-8-19-2008
http://dx.doi.org/10.5194/nhess-8-1173-2008


Houze, R.A., 1993. Cloud dynamics. Academic press.574

Janjic, Z.I., 1996. A Multi-layer Soil Temperature Model for MM5, in: The575

sixth PSU/NCAR MM5 Users’ Workshop, Boulder, Colorado. pp. 49–50.576

Johns, R.H., Doswell III, C.A., 1992. Severe local storms forecasting. Weather577

Forecast. 7, 588–612.578

Kain, J.S., 2004. The Kain-Fritsch convective parameterization: An update. J.579

Appl. Meteor. 43, 170–181.580

Khain, A.P., Rosenveld, D., Sednev, I., 1993. Coastal effects in the Eastern581

Mediterranean as seen from experiments using a cloud ensemble model with582

detailed description of warm and ice microphysical processes. Atmos. Res.583

30, 295–319. doi:10.1016/0169-8095(93)90029-N.584

Kirshbaum, D.J., Bryan, G.H., Rotunno, R., Durran, D.R., 2007a. The trig-585

gering of orographic rainbands by small-scale topography. J. Atmos. Sci. 64,586

1530–1549. doi:10.1175/JAS3924.1.587

Kirshbaum, D.J., Durran, D.R., 2005a. Factors governing cellular convection in588

orographic precipitation. J. Atmos. Sci. 62, 3758–3774.589

Kirshbaum, D.J., Durran, D.R., 2005b. Observations and modeling of banded590

orographic convection. J. Atmos. Sci. 62, 1463–1479.591

Kirshbaum, D.J., Rotunno, R., Bryan, G.H., 2007b. The spacing of orographic592

rainbands triggered by small-scale topography. J. Atmos. Sci. 64, 4222–4245.593

doi:10.1175/2007JAS2335.1.594

Kunz, M., 2007. The skill of convective parameters and indices to predict595

isolated and severe thunderstorms. Nat. Hazards Earth Syst. Sci 7, 327–342.596

Laviola, S., Levizzani, V., 2011. The 183-WSL fast rain rate retrieval algorithm.597

Part I: Retrieval design. Atmos. Res. 99, 443–461. doi:10.1016/j.atmosres.598

2010.11.013.599

22

http://dx.doi.org/10.1016/0169-8095(93)90029-N
http://dx.doi.org/10.1175/JAS3924.1
http://dx.doi.org/10.1175/2007JAS2335.1
http://dx.doi.org/10.1016/j.atmosres.2010.11.013
http://dx.doi.org/10.1016/j.atmosres.2010.11.013
http://dx.doi.org/10.1016/j.atmosres.2010.11.013


Laviola, S., Levizzani, V., Cattani, E., Kidd, C., 2013. The 183-WSL fast rain600

rate retrieval algorithm. Part II: Validation using ground radar measurements.601

Atmos. Res. 134, 77–86. doi:10.1016/j.atmosres.2013.07.013.602

Llasat, M.C., Marcos, R., Turco, M., Gilabert, J., Llasat-Botija, M., 2016.603

Trends in flash flood events versus convective precipitation in the Mediter-604

ranean region: The case of Catalonia. J. Hydrol. .605

Llasat-Botija, M., Llasat, M.C., López, L., 2007. Natural hazards and the press606

in the western Mediterranean region. Adv. Geosci. 12, 81–85.607

M.Beljaars, A.C., 1995. The parametrization of surface fluxes in large-scale608

models under free convection. Q. J. R. Meteorol. Soc. 121, 255–270. doi:10.609

1002/qj.49712152203.610

Miglietta, M.M., Buzzi, A., 2004. A numerical study of moist stratified flow611

regimes over isolated topography. Q. J. R. Meteorol. Soc. 130, 1749–1770.612

doi:10.1256/qj.02.225.613

Miglietta, M.M., Laviola, S., Malvaldi, A., Conte, D., Levizzani, V., Price, C.,614

2013. Analysis of tropical-like cyclones over the Mediterranean sea through615

a combined modeling and satellite approach. Geophys. Res. Lett. 40, 2400–616

2405. doi:doi:10.1002/grl.50432,2013.617

Miglietta, M.M., Mastrangelo, D., Conte, D., 2015. Influence of physics pa-618

rameterization schemes on the simulation of a tropical-like cyclone in the619

Mediterranean Sea. Atmos. Res. 153, 360–375. doi:10.1016/j.atmosres.620

2014.09.008.621

Miglietta, M.M., Moscatello, A., Conte, D., Mannarini, G., Lacorata, G., Ro-622

tunno, R., 2011. Numerical analysis of a Mediterranean ”hurricane” over623

south-eastern Italy: Sensitivity experiments to sea surface temperature. At-624

mos. Res. 101, 412–426. doi:10.1016/j.atmosres.2011.04.006.625

23

http://dx.doi.org/10.1016/j.atmosres.2013.07.013
http://dx.doi.org/10.1002/qj.49712152203
http://dx.doi.org/10.1002/qj.49712152203
http://dx.doi.org/10.1002/qj.49712152203
http://dx.doi.org/10.1256/qj.02.225
http://dx.doi.org/doi:10.1002/grl.50432, 2013
http://dx.doi.org/10.1016/j.atmosres.2014.09.008
http://dx.doi.org/10.1016/j.atmosres.2014.09.008
http://dx.doi.org/10.1016/j.atmosres.2014.09.008
http://dx.doi.org/10.1016/j.atmosres.2011.04.006


Miglietta, M.M., Regano, A., 2008. An observational and numerical study of626

a flash-flood event over south-eastern Italy. Nat. Hazards Earth Syst. Sci. 8,627

1417–1430.628

Miglietta, M.M., Rotunno, R., 2009. Numerical simulations of conditionally629

unstable flows over a mountain ridge. J. Atmos. Sci. 66, 1865–1885. doi:10.630

1175/2009JAS2902.1.631

Miglietta, M.M., Rotunno, R., 2010. Numerical simulations of low-CAPE632

flows over a mountain ridge. J. Atmos. Sci. 67, 2391–2401. doi:10.1175/633

2010JAS3378.1.634

Miglietta, M.M., Rotunno, R., 2012. Application of theory to observed cases635

of orographically forced convective rainfall. Mon. Wea. Rev. 140, 3039–3053.636

doi:10.1175/MWR-D-11-00253.1.637

Miller, R.C., 1972. Notes on analysis and severe storm forecasting procedures638

of the Air Force Global Weather Center. Tech. Rep. 200 (Rev.), AWS, U.S.639

Air Force. 102 pp. Headquarters, Scott AFB, IL 62225.640

Mlawer, E.J., Taubmana, S.J., Brown, P.D., Iacono, M.J., , Clough, S.A.,641

1997. Radiative transfer for inhomogeneous atmospheres: RRTM, a validated642

correlated-k model for the longwave. J. Geophys. Res. 102, 16663–16682.643

Moncrieff, M., Miller, M., 1976. The dynamics and simulation of tropical cu-644

mulonimbus and squall lines. Q. J. R. Meteorol. Soc 102, 373–394.645

Nakanishi, M., Niino, N., 2006. An improved Mellor-Yamada level 3 model: its646

numerical stability and application to a regional prediction of advecting fog.647

Bound. Layer Meteor. 119, 397–407.648

Pisano, A., Nardelli, B.B., Tronconi, C., Santoleri, R., 2016. The new Mediter-649

ranean optimally interpolated pathfinder AVHRR SST Dataset (1982-2012).650

Remote Sens. Environ. 176, 107–16.651

24

http://dx.doi.org/10.1175/2009JAS2902.1
http://dx.doi.org/10.1175/2009JAS2902.1
http://dx.doi.org/10.1175/2009JAS2902.1
http://dx.doi.org/10.1175/2010JAS3378.1
http://dx.doi.org/10.1175/2010JAS3378.1
http://dx.doi.org/10.1175/2010JAS3378.1
http://dx.doi.org/10.1175/MWR-D-11-00253.1


Pleim, J.E., 2007. A Combined Local and Nonlocal Closure Model for the652

Atmospheric Boundary Layer. Part I: Model Description and Testing. J.653

Appl. Meteor. Climatol. 46, 1383–1395.654

Pontrelli, M.D., Bryan, G.H., Fritsch, J.M., 1999. The Madison County, Vir-655

ginia, flash flood of 27 June 1995. Weather Forecast. 14, 384–404.656

Rotunno, R., Houze, R.A., 2007. Lessons on orographic precipitation from657

the Mesoscale Alpine Programme. Q. J. R. Meteorol. Soc. 133, 811–830.658

doi:10.1002/qj.67.659

Saucier, W.J., 1955. Principles of Meteorological Analysis. pp. 76–78.660

Simmons, A.J., 1991. Development of a high resolution, semi-Lagrangian version661

of the ECMWF forecast model. Numerical Methods in Atmospheric Models.662

European Centre for Medium-Range Weather Forecasts Vol. 2, 281–324.663

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Wang,664

W., Powers, J.G., 2008. A description of the Advanced Research WRF version665

3. NCAR Tech. Note NCAR/TN-475+STR.666

Smith, R.B., 1979. The influence of mountains on the atmosphere. Adv. Geo-667

phys. 21, 87–230.668

Tao, W.K., Simpson, J., McCumber, M., 1989. An Ice-Water Saturation Ad-669

justment. Mon. Wea. Rev. 117, 231–235.670

Thompson, G., Field, P.R., Rasmussen, R.M., Hall, W.D., 2008. Explicit fore-671

casts of winter precipitation using an improved bulk microphysics scheme.672

Part II: Implementation of a new snow parameterization. Mon. Weather Rev.673

136, 5095–5115. doi:10.1175/2008MWR2387.1.674

Umemoto, Y., Teshiba, M., Shibagaki, Y., Hashiguchi, H., Yamanaka, M.D.,675

Fukao, S., 2004. Combined wind profiler-weather radar observations of oro-676

graphic rainband around Kyushu, Japan in the Baiu season. Ann. Geophys.677

22, 3971–3982.678

25

http://dx.doi.org/10.1002/qj.67
http://dx.doi.org/10.1175/2008MWR2387.1


Wulfmeyer, V., Behrendt, A., Kottmeier, C., Corsmeier, U., Barthlott, C.,679

Craig, G.C., Hagen, M., Althausen, D., Aoshima, F., Arpagaus, M., Bauer,680

H., Bennett, L., Blyth, A., Brandau, C., Champollion, C., Crewell, S., Dick,681

G., Di Girolamo, P., Dorninger, M., Dufournet, Y., Eigenmann, R., Engel-682

mann, R., Flamant, C., Foken, T., Gorgas, T., Grzeschik, M., Handwerker,683
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Figure captions701

Fig 1. External model domain (D01) and inner domains D02 and D03 defined702

for WRF model control run (left). Rain gauge network of the Civil Protection of703

Calabria near Vibo Valentia with 24 h accumulated precipitation (from 2 July704

at 1200 to 3 July at 1200) on 3 July (right).705

Fig 2. ECMWF analysis of mean sea level pressure (hPa, solid contours) and706

500 hPa geopotential height with contours every 40 gpm (m, filled contours) at707

1200 UTC 2 July (a) and 1200 UTC 3 July (b).708

Fig 3. The sequence of 30-minutes MSG brightness temperature at 10.8 µm709

shows the persistence of convection over Vibo Valentia. The time sequence fits710

the rain gauge measurements in Chiaravalloti and Gabriele (2009, Fig. 2).711

Fig 4. Rain rate retrieval on 3 July 2006 using the 183-WSL method (zoomed712

in the red square near Vibo). The early morning convection (left panel, 0452713

UTC) produces rainfall intensities lower than 10 mm h−1. The intensification714

of the storm (right panel, 1018 UTC) producing the flooding is responsible for715

rainfall rates around 15 mm h−1.716

Fig 5. As in Figure 3 but for MSG-SEVIRI channel at 10.8 µm - 0500717

UTC (left) and 1030 UTC (right), respectively -. The intensification of con-718

vection is described by the MSG brightness temperature values (240 K at 0500719

UTC and 210 K at 1030 UTC) and by the MicroWave Cloud Classification720

(MWCC) method (red square). Legend: ST = Stratiform clouds; CO = Con-721

vective clouds; LHS = Large HailStones; XLHS = eXtra Large HailStones; SNF722

= SNowFall. Both for ST and CO, the category (1, 2, 3) increases with the723

cloud top altitude. From early morning, the convective system evolves from724

shallow convection (green and yellow colors) to deep convection (red colour)725

surrounded by stratiform clouds (blue and cyan).726

Fig 6. 24 h accumulated precipitation (from 2 July at 1200 to 3 July at727

1200) in WRF model, using ECMWF analysis (a) and FNL analysis (c) as728

initial conditions. 850 hPa temperature (K, solid contours) and geopotential729

height with contours every 20 gpm (m, filled contours) at 1200 UTC 2 July730
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using ECMWF analysis (b) and FNL analysis (d). The brown point in a) and731

c) represents the position of Vibo Valentia rain gauge.732

Fig 7. 24 h accumulated precipitation (from 2 July at 1200 to 3 July at733

1200) in test runs having: D02 with 3 km horizontal resolution (a), D03 with 1734

km horizontal resolution (b), ACM2 PBL scheme (c), MYNN2 PBL scheme (d),735

Goddard microphysicss scheme (e) and WSM6 microphysics scheme (f). The736

brown point represents the position of Vibo Valentia rain gauge.737

Fig 8. Most unstable CAPE (MCAPE) (in J kg−1, colors) (a) and level of738

free convection (LFC) (in m, colors) (b) at 0300 UTC 3 July.739

Fig 9. Total totals index (TT) (a), potential instability (PI, in K), mean740

relative humidity in the lower 300 hPa (MRH, in %) (c) and Most unstable CIN741

(MCIN, in J kg−1) (d) at 0300 UTC 3 July.742

Fig 10. Equivalent potential temperature (θe) (black lines, c.i.= 4 K), and743

water vapor mixing ratio (colors, c.i.= 2 g kg−1) are shown along a NW-SE744

cross section in D02 (cross-section line drawn in the upper left corner of the745

figures) at 1800 UTC 2 July (a) and 0000 UTC 3 July (b) 2006.746

Fig 11. Observed daily averaged sea surface temperature (SST, in K) on 3747

July (a) and simulated latent heat flux (LHT, in W m−2) at 0300 UTC 3 July748

(b).749

Fig 12. a) Location of cross-section and 24 h accumulated precipitation750

(from 2 July at 1200 to 3 July at 1200) in D03. The brown frame corresponds751

to the area represented in Figure 13. The brown point represents the position of752

the Vibo Valentia rain gauge (a); equivalent potential temperature (θe) (black753

lines, c.i.= 3 K), and cloud water plus ice content (colors, c.i.= 0.2 g kg−1) are754

shown along a NW-SE cross section at 0300 UTC (b), 0500 UTC (c) and 0600755

UTC (d) 3 July 2006.756

Fig 13. Terrain height (black lines, at 100 m interval), water vapor flux757

divergence (colors, g m−2 s−1) and 925 hPa wind arrows (m s−1) at 0500 UTC 3758

July; 24-h accumulated precipitation, from 2 July at 1200 to 3 July at 1200(black759

bolded lines, at 20 mm interval). The brown line denotes the coastline.760

Fig 14. Skew-T diagrams computed from WRF in a location 30 km upstream761
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of the simulated rainfall peak (dewpoint data: blue line, temperature data: red762

line) at 1800 UTC 2 July (a), 0000 UTC (b) and 0300 UTC (c) 3 July 2006.763

Table 1. Table with some instability parameters, calculated 30 km upstream764

the simulated rainfall peak from 1800 UTC 2 July to 12 UTC 3 July at 3-hours765

intervals.766
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Figure 1: External model domain (D01) and inner domains D02 and D03 defined for WRF

model control run (left). Rain gauge network of the Civil Protection of Calabria near Vibo

Valentia with 24 h accumulated precipitation on 3 July (right).

Figure 2: ECMWF analysis of mean sea level pressure (hPa, solid contours) and 500 hPa

geopotential height with contours every 40 gpm (m, filled contours) at 1200 UTC 2 July (a)

and 1200 UTC 3 July (b).
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Figure 3: The sequence of 30-minutes MSG brightness temperature at 10.8 µm shows the per-

sistence of convection over Vibo Valentia. The time sequence fits the rain gauge measurements

in Chiaravalloti and Gabriele (2009, Fig. 2).
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Figure 4: Rain rate retrieval on 3 July 2006 using the 183-WSL method (zoomed in the red

square near Vibo). The early morning convection (left panel, 0452 UTC) produces rainfall

intensities lower than 10 mm h−1. The intensification of the storm (right panel, 1018 UTC)

producing the flooding is responsible for rainfall rates around 15 mm h−1.
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Figure 5: As in Figure 3 but for MSG-SEVIRI channel at 10.8 µm - 0500 UTC (left) and

1030 UTC (right), respectively -. The intensification of convection is described by the MSG

brightness temperature values (240 K at 0500 UTC and 210 K at 1030 UTC) and by the

MicroWave Cloud Classification (MWCC) method (red square). Legend: ST = Stratiform

clouds; CO = Convective clouds; LHS = Large HailStones; XLHS = eXtra Large HailStones;

SNF = SNowFall. Both for ST and CO, the category (1, 2, 3) increases with the cloud top

altitude. From early morning, the convective system evolves from shallow convection (green

and yellow colors) to deep convection (red colour) surrounded by stratiform clouds (blue and

cyan).
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Figure 6: 24 h accumulated precipitation (from 2 July at 1200 to 3 July at 1200) in WRF

model, using ECMWF analysis (a) and FNL analysis (c) as initial conditions. 850 hPa tem-

perature (K, solid contours) and geopotential height with contours every 20 gpm (m, filled

contours) at 1200 UTC 2 July using ECMWF analysis (b) and FNL analysis (d). The brown

point in a) and c) represents the position of Vibo Valentia rain gauge.
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Figure 7: 24 h accumulated precipitation (from 2 July at 1200 to 3 July at 1200) in test runs

having: D02 with 3 km horizontal resolution (a), D03 with 1 km horizontal resolution (b),

ACM2 PBL scheme (c), MYNN2 PBL scheme (d), Goddard microphysicss scheme (e) and

WSM6 microphysics scheme (f). The brown point represents the position of Vibo Valentia

rain gauge.
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Figure 8: Most unstable CAPE (MCAPE) (in J kg−1, colors) (a) and level of free convection

(LFC) (in m, colors) (b) at 0300 UTC 3 July.
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Figure 9: Total totals index (TT) (a), potential instability (PI, in K), mean relative humidity

in the lower 300 hPa (MRH, in %) (c) and Most unstable CIN (MCIN, in J kg−1) (d) at 0300

UTC 3 July.
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Figure 10: Equivalent potential temperature (θe) (black lines, c.i.= 4 K), and water vapor

mixing ratio (colors, c.i.= 2 g kg−1) along a NW-SE cross section in D02 (cross-section line

drawn in the upper left corner of the figures) at 1800 UTC 2 July (a) and 0000 UTC 3 July

(b) 2006.
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Figure 11: Observed daily averaged sea surface temperature (SST, in K) on 3 July (a) and

simulated latent heat flux (LHT, in W m−2) at 0300 UTC 3 July (b).
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Figure 12: a) Location of cross-section and 24 h accumulated precipitation (from 2 July at

1200 to 3 July at 1200) in D03. The brown frame corresponds to the area represented in Figure

13. The brown point represents the position of the Vibo Valentia rain gauge (a); equivalent

potential temperature (θe) (black lines, c.i.= 3 K), and cloud water plus ice content (colors,

c.i.= 0.2 g kg−1) along a NW-SE cross section at 0300 UTC (b), 0500 UTC (c) and 0600

UTC (d) 3 July 2006.

40



Figure 13: Terrain height (black lines, at 100 m interval), water vapor flux divergence (colors,

g m−2 s−1) and 925 hPa wind arrows (m s−1) at 0500 UTC 3 July; 24-h accumulated

precipitation, from 2 July at 1200 to 3 July at 1200 (black bolded lines, at 20 mm interval).

The brown line denotes the coastline.
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Figure 14: Skew-T diagrams computed from WRF in a location 30 km upstream of the

simulated rainfall peak (dewpoint data: blue line, temperature data: red line) at 1800 UTC

2 July (a), 0000 UTC (b) and 0300 UTC (c) 3 July 2006.
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Table 1: Table with some instability parameters, calculated 30 km upstream the simulated

rainfall peak from 1800 UTC 2 July to 12 UTC 3 July at 3-hours intervals.

Date U 0-500m (ms−1) Froude h
LFC

a/U

htrop/
√
CAPE

20060702 1800 UTC 4.5 1.0 0.4 7.2

20060702 2100 UTC 5.3 1.2 0.8 6.4

20060703 0000 UTC 4.0 0.9 1.0 8.7

20060703 0300 UTC 5.9 1.5 0.7 5.4

20060703 0600 UTC 6.5 1.7 0.6 4.9

20060703 0900 UTC 6.8 2.1 0.2 2.0

20060703 1200 UTC 6.8 2.3 0.2 2.4
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