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1. Introduction 

Soil erosion from the ground generally involves 
few centimetres and is related to different mecha-
nisms. Rainsplash erosion consists in the mobilisa-
tion of solid particles due to direct impact of rain 
droplets on the ground surface. For this mechanism, 
rainfall intensity, soil mechanical properties, topog-
raphy, vegetation, and land use are important [KIN-
NELL, 2005]. Soil suction (s), i.e. the difference be-
tween air pressure (ua) and pore water pressure (uw), 
also plays a key role in cohesionless soils along steep 
slopes [CUOMO et al., 2016]. Another mechanism is 
called overland flow erosion, and consists in the mo-
bilisation of solid particles due to runoff [GOVERS, 
1990]. This mechanism is related to runoff velocity, 
which regulates both tangential and uplift forces ex-
erted on the solid particles of ground surface. While 
rainsplash erosion is diffuse, overland flow erosion 
may be diffuse (sheet erosion) or localised into rills, 
gullies or channels [MERRITT et al., 2003].

Different types of soils are highly prone to su-
perficial erosion as those originating from wind-
deposition. Pyroclastic soils derive from volcanic ex-
plosive eruption, wind transportation along tens of 

kilometres and air-fall deposition. They cover about 
1% of Earth’s land surface [SIGURDSON et al., 2000], 
mostly corresponding to volcanic areas. Loessial 
soils (also named “loess”) are formed by the accu-
mulation of wind-blown dust, and are widespread in 
central and northwestern parts of United States, in 
central and Eastern Europe, and in Eastern China, 
over about 10% of Earth’s land surface [MUHS et al., 
1999]. Both pyroclastic and loessial deposits are con-
stituted by clastic, predominantly silt-sized sediments 
forming highly porous and low bulk density soils. 
They are usually a few meters thick, lie in unsatu-
rated conditions along steep slopes, and form fer-
tile topsoil that is conducive to intensive agriculture 
and/or trees plantations in many parts of the world.

Significant superficial erosion was reported for 
both pyroclastic soils [CUOMO et al., 2015] and loes-
sial soils [FRECHEN, 2011], with severe consequenc-
es such as loss of soil for agriculture, local slope in-
stabilities, and generation of flow-like mass move-
ments. Among them, “debris flood” convey volumet-
ric concentration of sediments lower than 20% [COS-
TA, 1988], “hyperconcontentrated flows” are charac-
terised by more than 20% [COUSSOT and MEUNIER, 
1996], while “flash flood” have negligible fraction of 
solids [GAUME et al., 2009]. The type of flow-like mass 
movement mostly depends on both the seasonal fea-
tures of rainfall (intensity, duration and spatial ex-
tent) and soil suction before rainfall [CASCINI et al., 
2014]. Thus, quantitative geotechnical analysis of 
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ground surface erosion should be based on unsatu-
rated soil mechanics. 
In this framework, the analysis of the spatial-tempo-
ral distribution of rainwater infiltration and runoff 
is a fundamental task. Three different mechanisms 
regulate the runoff generation in unsaturated slopes 
[CUOMO and DELLA SALA, 2013], depending on rain-
fall intensity (I), soil saturated hydraulic conductivi-
ty (ksat) and initial hydraulic conductivity (kin), being 
the latter related, in turn, to the initial soil suction 
before rainfall. The first mechanism (R1) occurs 
when I > Ksat, so that runoff starts from the begin-
ning of the rainfall and water infiltration rate is first 
higher than Ksat for a time range and then decreas-
es depending on soil suction (s). The mechanism 
R2 is for Ksat > I > Kin 

when, depending on initial 
soil suction (s), water can infiltrate the soil at a rate 
higher than ksat, but only for a certain time interval 
(trunoff) beyond which runoff will occur. The mecha-
nism R3 occurs for I < Kin  and runoff cannot occur. 
Thus, initial soil suction (s) delays the runoff start-
ing time (trunoff) and reduces the runoff discharge 
(R2), although runoff time may be reduced to ze-
ro for heavy rainfall independently of the initial soil 
suction (R1). Concerning those mechanisms, the 
methods currently available for soil erosion analyses 
are still simplified.

The paper aims to provide a contribution to 
the topic applying a physically-based model for the 
simulation of runoff and soil erosion for unsaturat-
ed air-fall soil deposits: i) tested in well-documented 
small-sized slopes (few square meters large), and ii) 
present in differently sized (< 10 km2) catchments 
of Southern Italy. The objectives of the numerical 
simulations were to discuss the performance and 
the limitations of the model at both laboratory and 
catchment scales, also by investigating the potential 
for rainfall to generate runoff, soil erosion from the 
ground and flow-like mass movements in the study 
area.

The paper is structured as follows. The literature 
methods for runoff and erosion analyses are briefly 
reviewed. The materials and methods are described, 
by including the numerical model and the available 
dataset. A selected series of numerical simulations 
are illustrated for laboratory tests and real catch-
ments. Finally, conclusions are drawn and possible 
future developments are proposed.

2. Literature review 

Empirical models are often used to identify the 
source areas of soil erosion, and require rather lim-
ited input data. Some models have been established 
for geomorphological purposes, and others for 
back-analyse or predict loss of soil, mainly for agri-
culture and plantations, or sedimentological pur-

poses. The well-known Universal Soil Loss Equation 
(USLE) is used to estimate the expected long-term 
soil loss [WISCHMEIER and SMITH, 1978]. Applications 
of USLE are reported for some cases of rill and in-
terrill flow detachment erosion observed in Europe 
and Italy [VAN DER KNIJFF et al., 2000]. The effects of 
single-storm over large areas have been also analysed 
using this model in a context of steep slopes [CUOMO 
and DELLA SALA, 2016]. Several improvements to the 
original USLE model have been made in the past few 
decades. For instance, the Sediment Delivery Distrib-
uted (SEDD) model was in satisfactory agreement 
with the measured yields of sediments both for spe-
cific events and for yearly rate in three small catch-
ments of Southern Italy [FERRO and PORTO, 2000]. 
Nevertheless, none of those empirical models can 
account for the combination of both deposition and 
later remobilisation of sediments.

Other empirical models are commonly used to 
evaluate the amount of sediments conveyed to the 
outlet of a catchment. RICKENMANN [1999] proposed 
empirical relationships between the volume of the 
sediments mobilised and the total peak discharge 
(water plus sediments), being the water discharge 
computed from separate analyses. Concerning the 
latter issue, the empirical method known as Curve 
Number (CN) method [USDA-SCS, 1972] computes 
the runoff height Q (mm) from rainfall height P 
(mm) and a storage term S (mm) related to a di-
mensionless index called “Curve Number” (CN); 
the latter depends on soil type (hydrologic soil 
group), land-use, soil water content at rainfall start, 
and slope angle [SPRENGER, 1978]. As main draw-
back, the CN method disregards the effects of soil 
suction on both the runoff starting time and infil-
tration rate.

The physically-based approaches describe the 
main rainfall-induced processes such as rainsplash, 
infiltration, erosion, runoff, flow detachment and 
transportation/deposition/remobilisation of sedi-
ments along a slope. Conservation equations for the 
water mass, sediment yield and flow momentum are 
referred [MERRITT et al., 2003], and the potential and 
limitations of these models were formerly discussed. 
For instance, satisfactory estimates of runoff and 
sediment yield were achieved by SHEN et al. [2009] 
for a catchment in the Three Gorges Reservoir Ar-
ea (China) using the Water Erosion Prediction Pro-
ject (WEPP) model [NEARING et al., 1989]. The mod-
el, however, under-predicted the sediment yield ex-
perimentally measured in the Apennines Mountain 
Range in Northern Italy [PIERI et al., 2007]. Accurate 
predictions for yearly runoff and soil loss were ob-
tained by means of the european Soil Erosion Mod-
el [EUROSEM; MORGAN et al., 1998] for some catch-
ments in Central America, but poor estimates were 
obtained for single-storm events [VEIHE et al., 2001]. 
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Some of the previous approaches are completely 
focused on runoff propagation over the ground sur-
face and skip the analysis of runoff starting time [e.g. 
CN method). Other approaches (e.g. EUROSEM) re-
fer to simple methods for the analysis of runoff gen-
eration. Among these, the GREEN and AMPT [1911] 
model is based on the resolution of DARCY [1856] 
equation for a 1D vertical infiltration case. It is as-
sumed that rainfall ponds the ground surface and 
a wetting front propagates downwards into the soil. 
The latter has initial water content (θi) lower than 
saturated water content (θsat) and the velocity of the 
wetting front is equal to the saturated soil conductiv-
ity (ksat). MEIN and LARSON [1973] proposed a mod-
ified version of the Green-Ampt model, including a 
simple two-stage model for infiltration under a con-
stant intensity rainfall into an homogeneous soil with 
a uniform initial water content: i) the first stage in-
cludes water infiltration before runoff starts; ii) the 
second stage coincides with the process schematized 
by GREEN-AMPT [1911].

Independently of the simplifications of the above 
methods, it is clear that the modelling of both su-
perficial runoff circulation and soil erosion heights 
along unsaturated slopes necessarily requires a quan-
titative physically-based analysis.

3. Methods

The LImburg Soil Erosion Model (LISEM) was 
selected because it is a spatially-distributed and phys-
ically-based model implemented in a GIS platform. 
The details on both the model and previous applica-
tions were provided by JETTEN [2002; 2014] and DEL-
LA SALA [2014]. 

In this paper, the interception of rainwater by 
crops and vegetation was treated through the ap-
proach proposed by ASTON [1979], based on canopy 
storage functions (dependent on LAI - Leaf Area In-
dex) as is defined by DE JONG and JETTEN [2007]. The 
water storage in micro-depressions of the ground 
surface was estimated by using the Maximum De-
pression Storage as a function of random roughness 
and slope inclination, as proposed by KAMPHORST et 
al. [2000].

Infiltration rate was computed by means of the 
Green-Ampt model, which is somehow realistic 
when rainfall is short enough (up to some hours) 
and soil is unsaturated. As was mentioned before, 
this approach takes into account the saturated hy-
draulic conductivity (ksat); saturated water content 
(θsat); initial moisture content below the wetting 
front (θi). Thus, the time-dependent downwards in-
filtration rate (f, mm h-1) reads as follows:
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where F is the cumulative infiltrated rainwater, which 
fills the available (empty) pore space (θsat - θi) du-
ring infiltration up to the depth (z, mm) reached by 
the wetting front until the end of process. 

The amount of rainfall, which is neither inter-
cepted by the vegetation, nor entrapped inside the 
micro-depressions of the ground surface, nor infil-
trated in the ground surface, was computed as run-
off at each cell of the DTM (Digital Terrain Model). 
The runoff was routed downhill through a kinemat-
ic wave function, implementing the Manning’s equa-
tion. An implicit four-point finite-difference numer-
ical procedure was used [CHOW et al., 1988; MOORE 
and FOSTER, 1990]. 

Detachment or deposition of soil particles was 
analysed by means of a generalized erosion-deposi-
tion formulation [MORGAN et al., 1998; SMITH et al., 
1995], whose details were also discussed in JETTEN 
[2002]. It is assumed that the amount of sediments 
suspended in the runoff (e, kg/s) is regulated by the 
transport capacity (TC, kg m-3). The latter depends 
on the density of solid grains (Gs); slope inclination 
(S); mean flow velocity (v); and two empirical coeffi-
cients (c and d) function on median diameter (d50) 
of the topsoil, as follows:

  �� d
sc SvcT 004.0���� �  (2)

Detachment of soil particles, sediment transport 
by runoff and deposition of soil particles were cal-
culated by a stream power based transport capacity 
equation [GOVERS, 1990; MORGAN et al., 1998]. De-
tachment (Df, kg s-1) was considered as long as the 
transport capacity TC (kg m-3) was larger than the 
concentration of the suspended sediments (C, kg 
m-3), provided that a soil strength threshold, relat-
ed to soil cohesion, was overcome. The amount of 
the detached material (Df) was assumed to be pro-
portional to water discharge (Q), as in equation 3. 
Deposition of soil particles (Dp, kg s-1) was comput-
ed whenever the transport capacity was less than the 
total suspended sediments in the flow (Eq. 4). It en-
tails that: 

 Df = Y (Tc – C) Q (3)

 Dp = w L vs (Tc – C) (4)

where Y is a dimensionless efficiency factor depen-
ding on soil cohesion [Morgan et al., 1998] and Q is 
the runoff discharge (m3 s-1), w is the width of flow 
(m), L is the size of the DTM square cells  (m) and vs 
is the settling velocity of the particles (m s-1). 

In the paper, splash detachment was not consid-
ered for the sake of simplicity. Thus, the sediments 
suspended in the runoff (e, kg/s) came from the ba-
lance of detachment (Df) and deposition (Dp), as fol-
lows:

creo
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 e = Df – Dp (5)

The depth of soil eroded at each cell of DTM 
(zerosion, m) was computed assuming the sediments 
suspended in the runoff (e, kg/s) corresponding to 
a volume of soil present along the slope before ero-
sion: 
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where L (m) is the same of equation 4, n is soil poros-
ity, and Gs (kg m−1) is solid grain density. 

4. Modelling of laboratory tests

4.1. Experimental evidence 

LISEM model was validated on well-documen-
ted laboratory test results, performed on reduced-si-
ze slopes. PAN and SHANGGUAN [2006] carried out ex-
periments by investigating the production of runoff 
and sediment mobilization in plots bare or vegetated 
at different percentages (35%, 45%, 65% and 90% 
of the whole area), subjected to rainfall intensity of 
100 mm/h for about 70 minutes. Each steel plot was 
2.00 m long, 0.55 m wide and 0.35 m thick, with a 
slope angle adjusted at 15°, where soil deposit was 
composed of three identical layers, each 10 cm thick 
(Fig. 1). 

The soil used in the experiments was a loes-
sial soil collected from the northern Loess Plateau 
in China, characterized by 2.0% sand, 79.73% silt, 
17.35% clay, and with soil unit weight equal to 12 
kN/m3. 

The runoff starting time, discharge of water 
and sediments as well as flow velocity were measu-
red at 3-minutes intervals. Sediment samples were 
collected at the bottom of the plot, separated by wa-
ter, and dried in an air-forced-oven at 105°C up to 
a constant weight. The sediment concentration was 
determined as the ratio of dry sediment mass to ru-
noff volume. The sediment yield rate was computed 
by dividing the sediment yield per unit area by ti-
me. The infiltration rate was determined by subtrac-
ting the applied rainfall rate and the measured ru-
noff rate. Thus, evaporation, interception and sur-
face storage component were included in the infil-
tration rate, while not considered as independent 
variables. In addition, the Manning coefficient was 
determined for each experiment and it was equal to 
0.0176, 0.0432, 0.0545, 0.0589 and 0.0703 (respec-
tively for a vegetation cover of 0%, 35%, 45%, 65% 
and 90%). 

The rates measured for runoff and suspended 
sediments were plotted with time in figure 2 for dif-
ferent vegetation covers. After a short time the ru-
noff started, and sharply rose in 1-2 minutes with a 

later slower increase, and with the highest peak for 
the bare soil (Fig. 2a). Particularly, in the bare soil 
the runoff started after 1 minute, with the initial rate 
and the steady rate equal to 0.88 and 1.2 mm/min, 
respectively; lower rates were measured for the ve-
getated plots (Fig. 2a). This experimental evidence 
quantifies the important effect of vegetation in re-
ducing the kinetic energy of raindrops, thus limiting 
overland flow, increasing the infiltrating time and 
improving the soil infiltration capacity. In the bare 
soil test (Fig. 2b), sediment yield rate had a first high 
peak and sharply decreased, with a successive slow 
increase for 45 minutes up to almost constant value. 
Conversely, for the vegetated plots, sediment yield 
rate always decreased with time after the initial peak. 
Compared to bare soil plot, the vegetated plot expe-
rienced lower average runoff rate (14 - 25% less), fi-
nal lower runoff rate (7.5 - 16% less), and lower sedi-
ment yield (81.2 - 94.3% less).

4.2. Input data

The LISEM model was used to simulate the ex-
periments conducted for: i) bare soil and ii) vegeta-
tion cover equal to 35%. The cell size of the Digital 
Terrain Model (DTM) was assumed equal to 0.1 m 
for all the numerical simulations and the timestep 
was fixed as 0.2 times the cell size (with time in sec-
onds and length in meters), as recommended by 
JETTEN [2002]. Rainfall and ground surface were as-
sumed to be homogeneous over the plot, consistently 
with the pluviation techniques used for plot prepa-
ration, which aimed at providing a moderate spa-
tial variability of both initial soil water content and 
saturated hydraulic conductivity. The Green-Ampt 
model was used for the simulation of rainfall infil-

Fig. 1 – Inclined plots, bare (left) and vegetated (right), 
tested by PAN e SHANGGUAN [2006].
Fig. 1 – Pendii sperimentali, nudo (a sinistra) e vegetato 
(a destra), testati da PAN e SHANGGUAN [2006].

creo
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tration and runoff generation. For the flume test at 
vegetated plots, interception was derived from cano-
py storage equation implemented in the model for 
the clumped grasses and assumed to be a function 
of Leaf Area Index (LAI), as mentioned in section 3. 

The value of the parameters assumed for soil, 
ground surface and vegetation are reported in ta-
ble I. Saturated water content (θsat) was selected in 
agreement with O’BRIEN [2009]. Initial water con-
tent (θin) and soil suction (s) were taken from CUO-
MO and DELLA SALA [2013] by taking into account the 
specific conditions of each experiment. The satura-
ted hydraulic conductivity (ksat), soil cohesion (c) 
and Manning coefficient (n) were adjusted taking 
into account the soil type and condition. For all the 
analyses, a moderate effect of random roughness was 
considered (RR = 0.05 cm) to account for soil com-
paction during the plot preparation. For the flume 

test on the “35%” vegetated plot, the leaf area index 
(LAI) and the additional cohesion by roots were cho-
sen in agreement with BUNDELA [2004]. 

4.3. Numerical results

The numerical simulations were used to 
back-analyze the experimental evidence by varying 
the unknown parameters in the ranges suggested by 
the literature. The main target observations were: i) 
the temporal evolution of the discharges and con-
centrations of both water and sediment, ii) the peak 
values of either the water discharge or the sediment 
concentration. The best-fitting of the experimen-
tal results was done by using a trial-and-error proce-
dure, and the three best LISEM simulations of each 
flume test labelled as “a”, “b” and “c”.

Soil Ground Surface Vegetation

ID
d50 c s θin θsat ksat n RR LAI Cover ch

co-
hadd

(µm) (kPa) (kPa) (-) (-) (m/s) (cm) (-) (%) (m) (kPa)

1 a 13 50 10 0.3 0.50 1.00E-06 0.0176 0.05

No vegetation1 b 13 50 10 0.35 0.50 1.00E-06 0.0176 0.05

1 c 13 50 5 0.4 0.50 1.00E-06 0.0176 0.05

2 a 13 50 5 0.4 0.50 1.00E-06 0.0435 0.05 6 35 0.07 3.32

2 b 13 50 10 0.35 0.50 1.00E-06 0.0435 0.05 6 35 0.07 3.32

2 c 13 50 15 0.32 0.50 1.00E-06 0.0435 0.05 6 35 0.07 3.32

ID: the labels “a”, “b”, “c” refer to three LISEM simulations that well reproduce the selected flume tests. d50: median diam-
eter; c: soil cohesion; s: soil suction; θin: initial water content; θsat: saturated water content; ksat: saturated hydraulic conduc-
tivity. n: Manning coefficient; RR: random roughness; LAI: leaf area index; Cover: percentage of the plot covered by vege-
tation; ch: vegetation height; cohadd: additional cohesion by roots

Fig. 2 – Experimental results for runoff rate a) and sediment yield rate b) obtained by PAN e SHANGGUAN [2006], for different 
areal percentages of vegetation cover.
Fig. 2 – Risultati sperimentali ottenuti per il tasso di ruscellamento superficiale a) e per il tasso di mobilitazione di sedimenti b) ottenuti da 
PAN e SHANGGUAN [2006], per differenti percentuali di copertura vegetale.

Tab. I – Input data for modelling the selected laboratory tests.
Tab. I – Dati di ingresso utilizzati per la modellazione delle prove di laboratorio selezionate. 
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For the bare soil: i) all the numerical simulations 
provided similar evolution with time (for water dis-
charge and sediment concentration), and consistent 
with the laboratory evidence (Fig. 3a, b); ii) particu-
larly, the runoff starting time was well reproduced 
by the model, and the simulated water discharge in-
creased with time (as for laboratory measurements), 
especially for the case “1c” (Fig. 3a). The simulated 
runoff mechanism was of R2 type (Sect. 1), as mea-
sured in the experiments. The trend simulated for 
sediment concentration immediately reached the 
peak value and then gradually decreased with time. 
Moreover: i) the observed water discharge was well 
reproduced by the model as far as both the evolu-
tion with time and the water discharge values (Fig. 
3b) are concerned; ii) the predicted peak value of 
sediment concentration and the time to peak were 
comparable with those observed in the laboratory 
experiment. 

For the vegetated plot (35% of vegetation cov-
er): i) the trend of simulated water discharge and 
the sediment concentration were similar to the case 
of bare soil (runoff mechanism R2, see Sect.1); ii) 
the simulated water discharge trend and the sedi-
ment concentration trend were consistent with the 

experimental results (Fig. 3c); iii) a good agreement 
was found for water discharge values, runoff start-
ing time, sediment concentration values and times 
to peak (Fig. 3d). 

For a quantitative evaluation of model perfor-
mance, the ratios of the observed to the predicted 
peak values of water discharge (and sediment con-
centration) were plotted for all the simulations (Fig. 
3). The simulated ratios were not far from unity for 
the laboratory experiments with 0% or 35% of veg-
etation cover. Therefore the LISEM model properly 
reproduced the peak values of water discharge and 
sediment concentration, in agreement with RAHMATI 
et al. [2013]. Those quantities should be used as de-
sign parameters for erosion control works. On the 
contrary, LISEM model approximately estimated the 
peak time of sediment concentration although that 
variable is not yet used for the design of engineer-
ing works. More in general, quantitative estimates 
of model performance should be extended to other 
laboratory tests in similar air-fall soil deposits. Thus, 
a comprehensive understanding of potential and 
drawbacks of the model could help to improve the 
physics behind and the mathematical formulation. 
To this aim, the analysis of model performance was 

Fig. 3 – Water discharge and sediment concentration for flume tests 1 (a,b) and 2 (c, d).
Fig. 3 – Rucellamento superficiale e concentrazione dei solidi trasportati per le prove di laboratorio 1 (a,b) e 2 (c, d).
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extended to catchment scale, for analogous air-fall 
soils subjected to similar rainfall intensity and dura-
tion.

5. Modelling for a case study 

5.1. Field evidence and input data

The study area comprises unsaturated shallow 
deposits of pyroclastic soils, derived from the ex-
plosive eruptions of Vesuvius volcano which are 
widespread over 3,000 km2 in Southern Italy (Fig. 
5a). Soil mechanical properties under both satu-
rated and unsaturated conditions were discussed 
by BILOTTA et al. [2005] and CUOMO et al. [2015, 
2017]. Soil deposits are a few metres thick (< 5 
m) at Sarno (site 1) and Cervinara slopes (site 2), 
lower than 2 meters along the Amalfi Coast (site 
3), while soil thickness may exceed 5 m at foot of 
hillslopes in the three sites [CASCINI et al., 2014], 
Figure 5b. Limestone and carbonate bedrocks ex-
ist below pyroclastic deposits, which cover open 
slopes steep from 15° to 40°, Zero-order basins 
in uppermost slopes and incised V-shaped valleys, 
with outcrops of Mesocenozoic rocks and Quater-
nary continental deposits.

Sarno (site 1) and Cervinara (site 2) slopes (Fig. 
6) have been extensively studied since the dramatic 
landslides occurred on 1998 and 1999, respectively 
[CASCINI et al., 2011a,b], which caused several victims 
and huge damage. Some recent studies [CASCINI et 
al., 2011a; 2014] highlighted also the importance of 
hyperconcentrated flows generated by both runoff 
and superficial erosion in these areas. Attention will 
be focused on Tuostolo and S. Gennaro catchments 
(Fig. 6), 0.4 km2 and 2.9 km2 large respectively. 

Amalfi Coast (site 3) is frequently affected by 
heavy rainfall capable of triggering widespread 
runoff and soil erosion, generating flash floods 

and hyperconcentrated flows [CASCINI et al., 2014]. 
Sambuco catchment is 5.6 km2 (Fig. 6) large, with 
the main stream channel 5.3 km long and later-
al hillslopes that are similarly regular, down to 
the outlet, where Minori town is settled. Dragone 
catchment (Fig. 6) has an area of 9.3 km2, with 
the main stream channel, straight along 6.5 km. A 
well-developed drainage network exists on the east 
side of the basin, with steeper hillslopes and few 
drainage channels on the west side. The upper-
most basin is 2 km wide with a narrow gorge at the 
outlet, where Atrani town is located. The Reginna 
Maior catchment (Fig. 6) is the largest catchment 
considered below (32.7 km2). 

Detailed information for past erosion events is 
available for Amafi Coast (site 3). On 25–26th Oc-
tober 1954, within a 500-km2 area from Salerno to 
Minori, cumulative rainfall equal to 504 mm was re-
corded in 8–16 hours, with the maximum rainfall 
intensity of 136.8 m/h [ESPOSITO et al., 2003]. Wide-
spread soil erosion and hyperconcentrated flows 
were described in contemporary documents [PAPA 
et al., 2012]. The mobilised soil volume was about 
300,000 m3 and the peak discharge of water and 
sediments was about 58 m3/s at the outlet of the 
Sambuco catchment [PAPA et al., 2012]. On 9th Sep-
tember 2010, cumulative rainfall of 126 mm fell in 
about 3 hours within a 100-km2 area between Age-
rola and Minori [CEMPID, 2010]. The maximum 
hourly rainfall intensity was 92.2 mm/h. Slope in-
stabilities and superficial soil erosion were trig-
gered along the hillslopes of Dragone catchment, 
with total mobilised soil volume estimated from 
10,000 to 30,000 m3and peak discharge of water 
and sediments of 65-100 m3/s [BOVOLIN, 2012; CI-
ERVO et al., 2015].

LISEM model was used by assuming the meas-
ured values of mechanical properties, such Gs equal 
to 2.65, n equal to 0.5, d50 equal to 0.25 mm with 
soil random roughness (RR) posed equal to 10 times 

Fig. 4 – Observed and simulated values for the peak of water discharge a) and the peak of sediment concentration b).
Fig. 4 – Valori osservati e modellazti per la portata idrica di picco a) e per il picco della concentrazone dei sedimenti solidi b).
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the median diameter of the soil (d50), and effective 
cohesion (c’) equal to 0.2 kPa. Additional cohesion 
due to plant roots was neglected because vegetation 
is sparse in some parts of the study area, and no spe-
cific experimental results were available. Soil water 
retention curves (relating soil water content to suc-
tion) and hydraulic soil conductivity curves (relating 
soil conductivity to suction) were taken from both 
direct measurements and previous literature [CUO-
MO and DELLA SALA, 2013; CUOMO et al., 2015], so that 
saturated hydraulic conductivity (ksat), saturated wa-
ter content (θsat) and initial water content (θin) were 

assumed equal to 10-3 m/s, 0.50 and 0.10, respective-
ly. Rainfall intensity was 25 mm/h for 180 minutes, 
while a 30-minutes storm was considered at the mid-
dle of the period with intensity equal to 100 mm/h. 
This choice was based on CUOMO et al. [2015] who 
put in evidence the severity of short heavy storms (in 
the order of 50-100 m/h) combined to a long-lasting 
storm (some to tens of hours long). 

For each test area, a 5 m DTM was used. Man-
ning coefficient was assumed equal to 0.08, within 
the range 0.05–0.13 indicated by O’BRIEN [2009] for 
sparse vegetation. The time step used in the simula-
tions was 5 seconds, which is appropriate for DTM 
cells equal to 5 m and water flow velocities equal to 
0.5-5 m/s [JETTEN, 2002]. All of the simulations re-
ferred to a time period equal to 3 hours (rainfall du-
ration) plus the hydrological delay time of the catch-
ments (lower than 70 minutes). The aims of simula-
tion were to outline the response of the five catch-
ments to the same rainfall pattern, along with a com-
parison to literature cases.

5.2. Results

The numerical results were presented with ref-
erence to the global quantities for each catchment, 
which however are indirectly related to the local 
quantities computed at each cell of the DTM, such 
as the amount of sediments suspended in the runoff 
(e, kg/s) and the depth of soil eroded (zerosion, m) 
obtained from equations 5-6. Global quantities were 
preferred because the selected catchments are very 
differently sized and also because it was important 
comparing the new results with others available in 
the literature.

The discharge of water and sediments (Qtot) 
computed at the outlet of each catchment was re-
ported in figure 7, being the maximum peak value 
obtained for Reginna Maior, and the minimum for 
Tuostolo. Similarly, the maximum cumulated vol-
ume of solid sediments (Vs) was maximum for Regin-
na Maior, and minimum for Tuostolo (Fig. 8). For 
the other catchments, intermediate values of both 
Qtot and Vs were computed. Similar outcomes were 
found for the time to peak of Qtot with respect to the 
catchment size. The latter is hence the key factor for 
both the magnitude of the flow-like mass movement 
(Qtot and Vs) and time to peak of Qtot. 

Nevertheless, the peak of volumetric concentra-
tion of solid sediments (Cv) was not related to the 
catchment size (Fig. 9), being the maximum values 
simulated for medium-sized catchments (Dragone 
and S.Gennaro), the minimum peak value of Cv for 
the largest-sized catchments (Reginna Maior), and 
intermediate peak value of Cv for the smallest-sized 
catchments (Sambuco and Tuostolo). The peak val-
ues of Cv ranged from 15% to 25%, not far from the 

Fig. 5 – a) Study area of pyroclastic soils in Campania re-
gion, Southern Italy: 1) isopach lines of the pyroclastic 
products (soil thickness in centimetres; 2) carbonate bed-
rock; 3) tuff and lava deposits; 4) flysch and terrigenous 
bedrock [modified from CASCINI et al., 2005]. b) Catch-
ments selected for modelling inside the area (in gray) 
where pyroclastic soils exist.
Fig. 5 – a) Area di studio dei terreni piroclastici in regione Cam-
pania, Italia meridionale: 1) isopache dei prodotti vulcanici (spes-
sori del terreno in centimetri; 2) substrato carbonatico; 3) depositi 
tufacei e lavici; substrato flyschoide [(modificata da CASCINI et al., 
2005]. b) Bacini montani selezionati per la modellazione all’in-
terno dell’area (in grigio) dove ci sono terreni piroclastici.
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threshold of 20% which discriminates between hy-
perconcentrated flow [COSTA, 1988] and debris flood 
[COUSSOT and MEUNIER, 1996]. 

As expected (see Sect. 4), the simulated Cv 
was highly variable with time. A sequence of de-
bris flood (Cv <20%), hyperconcentrated flow (Cv 
>20%), and another debris flood (Cv <20%) was 
simulated for Dragone and S. Gennaro catchments 
(Fig. 9), with peaks of Cv equal to about 25%. These 
outcomes well matchs the field evidence of past hy-
perconcentrated flows, among which the most re-
cent ones occurred in 2010 and 1999. Moreover, 
the model globally reproduced the field evidence 
that different types of flows may occur in the catch-
ments investigated.

Furthermore, the Cv computed for Reginna 
Maior was always lower than 15%, being the corre-
sponding flow classifiable as flash flood or debris 
flood (Fig. 9). This result was also consistent with the 
local field evidence. It is useful to recall that the 1954 
event caused a huge flooding and transport of large 
amount of sediments able to modify the coastline 
over a length of some hundreds of meters. 

Finally, the Tuostolo and Sambuco catchments 
exhibited intermediate response to those previous-
ly shown (Fig. 9). This finding was especially related 
to their small sizes, which prevent those catchments 
to produce huge amount of runoff and eroded sedi-
ments. However, the peak volumetric concentration 
of solid sediments (Cv) was still high (20%). Thus, 
the presence of sediments should be considered for 
the design of engineering control works. 

It is also worth noting that for all the simulated 
cases, the runoff mechanism was of R2 type (Sect. 

1), as observed in the field, with runoff starting time 
higher than 20-30 minutes [PAPA et al., 2012].

The results obtained for all the catchments (Fig. 
10) were compared to the regression lines of empiri-
cal observations for past flows occurred at other sites 
[MIZUYAMA et al., 1992; JITOUSONO et al., 1996; BOVIS and 
JAKOB, 1999; RICKENMANN, 1999; JAKOB, 2005]. Refer-
ring to the previous literature, the so-called “debris 
flows” quoted in figure 10 were caused by runoff-in-
duced erosion of the ground surface, not by shallow 
landslides. Thus, they can be consistently compared 
with those reproduced in this paper. Those literature 
correlations well interpret the events occurred in the 
study area in 1954 and 2010 (red square and trian-
gle in Fig. 10). A previous validation of those litera-
ture correlations had been provided by CUOMO et al. 
[2015]. This paper extended the previous investiga-

Fig. 6 – Hillshade of DTM (Digital Terrain Model) of the catchments selected for modelling.
Fig. 6 – Ombreggiatura del DTM (Modello Digitale del Terreno) dei bacini montani selezionati per la modellazione.

Fig. 7 – Total flow discharge simulated at outlet of the 
catchments.
Fig. 7 – Portata totale simulata alla sezione di chiusura dei 
bacini montani.
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tion to a wider set of catchments (labelled as T, SG, 
S, D and RG in Fig. 10). It is worth of note that the 
points (Qtot

P, Vs), which represent the total peak dis-
charge versus the volume of eroded sediments simu-
lated for the selected catchments, well matched the 
literature regression. The results obtained for the 
catchments labelled as D, SG and D were very close 
each other in figure 10, confirming some similarities 
of these catchments, as previously outlined for both 
the temporal evolution and the values of sediment 
concentration (Cv) in figure 9. Consistently, the re-
sults achieved for the catchments labelled as T and 
RM were located elsewhere in the plot of figure 10, 
showing their different response to rainfall in terms 
of both runoff and superficial erosion. Further in-
vestigation of superficial erosion scenarios could en-
hance the understanding of the erosion processes, 
also helping to individuate the future improvements 
needed to the current quantitative models.

6. Conclusions

Runoff and superficial soil erosion induced 
by rainfall are relevant processes affecting natural 
slopes. Attention should be devoted to those areas 
where relevant soil loss may occur along the slopes, 
or high discharge of water and sediments may gen-
erate dramatic threats to populations at the outlet 
of the catchments. Pyroclastic and loessial soils are 
among the most erodible soils and cover some per-
cents of Earth’s land surface. Thus, the paper ap-
plied a physically-based model (LISEM) for the sim-

Fig. 8 – Cumulative volume of the solid sediments mobi-
lized by the runoff.
Fig. 8 – Volume cumulato di sedimenti solidi mobilizzati dal ru-
scellamento.

Fig. 9 – Volumetric concentration of the solid sediments 
in the runoff.
Fig. 9 – Concentrazione volumetrica di sedimenti solidi nel flusso 
di ruscellamento.

Fig. 10 – Simulated peak values for the total discharge (water plus sediments) and simulated volume of soil eroded compared 
to field data of Amalfi Coast (site 3, event dated on 1954 and 2010) and other case histories from the literature (1 and 4: 
MIZUYAMA et al., 1992; 2 and 6: BOVIS and JAKOB, 1999; 3: RICKENMANN, 1999; 5 and 7: JITOUSONO et al., 1996; CUOMO et al., 2015).
Fig. 10 – Valori simulati per il picco della portata (acqua sommata ai solidi) e per il volume di solido eroso, confrontati con evidenze in sito 
dalla Costiera Amalfitana (sito 3, eventi datati 1954 e 2010) e altri casi di studio dalla letteratura (1 e 4: MIZUYAMA et al., 1992; 2 e 6: 
BOVIS and JAKOB, 1999; 3: RICKENMANN, 1999; 5 e 7: JITOUSONO et al., 1996; CUOMO et al., 2015).
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ulation of runoff and soil erosion in unsaturated air-
fall soil deposits. 

The paper aimed at providing a contribution to 
the topic, discussing the performance and the limi-
tations of the selected model at both laboratory and 
at catchment scales. The potential for rainfall to gen-
erate runoff, soil erosion and flow-like mass move-
ments for a study area was investigated.

The results achieved for well-documented 
small-size (few square meters large) slopes (with 
bare or vegetated soil) outlined the capability of 
the model of satisfactorily reproducing the experi-
mental results of: i) peak of water discharge (Qtot

P) 
and ii) peak of sediment concentration (Cv). Both 
quantities should be fundamental design parame-
ters for engineering protection works. On the con-
trary, the simulated values for the time to reach the 
previous peaks quantities are less satisfactory, but 
still acceptable.

The outcomes of the model applied to five diffe-
rently sized catchments (< 50 km2) of Southern Italy 
showed: i) a good agreement with previous literature 
results, in terms of total peak discharge (Qtot

P) and 
volume of eroded sediments (Vs), as well as ii) simila-
rities and differences (as for Qtot

P, Vs and Cv), which 
can be predicted only by means of a spatially-distri-
buted and physically-based model. For these cases, 
the model globally well reproduced the field eviden-
ce that different types of flows may occur, spanning 
from hyperconcentrated flow (Cv >20%) to debris 
flood (Cv >20%) up to flash flood (Cv ≈ 10%), also 
during the same rainstorm.

More in general, it could be concluded that a 
comprehensive understanding of potential and 
drawbacks of the selected model (and others simi-
lar) could help to improve the physics behind and 
the mathematical formulation. Further applications 
of this class of models could also advance the under-
standing of generation process of flow-like mass mo-
vements, which represent dangerous phenomena 
for populations and related activities.
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Modellazione del ruscellamento idrico e 
dell’erosione superficiale indotti da pioggia 
in terreni da caduta parzialmente saturi

Sommario
La presente nota tratta del ruscellamento idrico e dell’erosione 

superficiale indotti da eventi meteorici lungo pendii acclivi ricoperti 
da terreni da caduta in condizione di parzialmente saturazione, 
quali i terreni piroclastici e i loess. La nota discute le prestazioni e 
i limiti di un modello fisicamente basato, applicato alla scala delle 
prove di laboratorio e di reali bacini montani. Si focalizza anche 
l’attenzione anche sulla eventualità che un evento meteorico possa 
generare differenti tipologie di movimenti di massa di tipo flusso in 
un’area di studio prescelta.

I risultati ottenuti dalla simulazione numerica di esperimenti 
di laboratorio ben documentati, eseguiti su pendii in scala ridotta 
(con estensione pari a pochi metri quadrati, vegetati o non), hanno 
evidenziato la capacità del modello di riprodurre in modo soddisfacente 
i valori di picco misurati per la portata idrica e per la concentrazione di 
materiale solido. Al contrario, le stime dei tempi di raggiungimento di 
tali picchi sono state meno soddisfacenti ancorché accettabili.

I risultati ottenuti per cinque bacini montani, di differenti 
dimensioni (non superiore a 50 km2), dell’Italia meridionale, 
sono stati in buon accordo con precedenti risultati disponibili 
in letteratura, per quanto riguarda la portata di picco di acqua 
sommata al materiale solido ed il volume di solido eroso.

Con riferimento alle stesse variabili, sono state anche evidenziate 
alcune similitudini e le differenze per i bacini montani in esame. Più 
in generale, la modellazione proposta ha ben riprodotto l’evidenza 
in sito che differenti tipi di flusso possono verificarsi, includendo i 
cosiddetti “hyperconcentrated flows”, “debris floods” e “flash floods”, 
anche in occasione di uno stesso evento meteorico.

Un sistematico approfondimento delle potenzialità e dei limiti del 
modello utilizzato (e di altri simili) potrebbe essere utile per migliorare 
tali modelli. Ulteriori applicazioni di questo tipo di modelli 
potrebbero, inoltre, consentire un avanzamento nella comprensione 
dei processi di generazione di movimenti di massa di tipo flusso, che 
rappresentano fenomeni altamente pericolosi per le popolazioni e per 
le connesse attività antropiche.




