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Spatially distributed analysis of soil erosion in a mountain catchment
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ABSTRACT: A spatial-distributed soil erosion analysis model was applied to a small-sized mountain 
catchment of Southern Italy, where shallow deposits of loose, cohesionless unsaturated air-fall volcanic 
(pyroclastic) soils exist. The physically-based LISEM model was used to analyze a past event, taking into 
account the potential role of both the soil suction and water content, and the spatial variability of soil 
thickness. The water discharge and the solid concentration at the outlet of the catchment were computed, 
as well as the spatial distribution of the eroded soil thickness was discussed for the uppermost areas of the 
catchment. The results of the paper show that the soil suction and the soil conductivity are key factors for 
the spatial-temporal evolution of both ground infiltration and runoff in the catchment.

concentration (from low to high and vice-versa), 
which, in turn, are related to the water discharge 
at the outlet of a mountain catchment (Cascini  
et al., 2014).

As far as the amount of the mobilized sediments, 
a wide range of erosion models exist, empirical or 
physically-based which differ each other depending 
on their overall complexity, number of processes 
considered and data required in realistic applica-
tions to boundary value problems. One common 
output of any erosion model is the spatial distribu-
tion of the eroded areas (Della Sala et al., 2013, 
2014). The erosion patterns can be the result of 
long-term rainfalls and/or caused by one (or few) 
specific rainstorms. However, an accurate quanti-
tative assessment of the soils eroded by a specific 
rainstorm can be only obtained through a physi-
cally-based model. This quantitative output infor-
mation is necessary, for instance, when the design 
of the erosion control works is dealt with, aimed to 
mitigate the risk posed to life and property.

It is worth noting that the physically-based soil 
erosion models are based on the solution of the 
fundamental equations of mass and momentum 
conservation for the water flow and mass sediment 
conservation (Merritt et al., 2003), and they require 
detailed input data, which often are uncertain for 
real case studies; in these cases, simplified assump-
tions are necessary to perform the analyses.

The paper deals with a relevant case study of 
unsaturated soils, with field evidence available 
for: principal slope instabilities recorded at the 
uppermost areas of the catchment; the peak total 
discharge and solid volume at the outlet of the 
catchment where huge damage was caused. The 
principal aim was to investigate the spatial-tempo-
ral features of the erosion process throughout the 

1 InTRODuCTIOn

Soil erosion is a complex process that may involve 
few centimeters of the topsoil due to the impact 
of raindrops and overland flow, or may cause the 
formation of deep gullies where erosion proc-
esses concentrate. In the former case the erosion is 
almost homogenously diffused along a slope (sheet 
erosion); in the latter case, soil erosion is localized 
into rills, gullies or even into deep channels. Three 
main stages are of interest in the whole erosion 
process (Aksoy and Kavvas, 2005): the detachment 
of the soil particles, the transportation and the 
deposition; eventually, the re-mobilization of the 
particles detached may also occur.

Independent of the erosion mechanism, a dra-
matic evolution of the erosion process corresponds 
to the triggering of flow-like slope instability phe-
nomena. A “hyperconcentrated flow” occurs if  the 
volumetric concentration of sediments driven by 
the overland water exceeds 20% (Costa, 1988); for 
smaller amounts of solids transported, a so-called 
“water flood” is originated. In both cases, the areas 
located nearby the outlet of a mountain catchment 
are exposed to a relevant potential damage.

In the common practice, the amount of water 
and sediments conveyed at the outlet of a catch-
ment is evaluated through empirical relationships 
available in the literature (e.g. Rickenmann, 1999), 
which relate the total peak discharge to the volume 
of the sediments mobilized. However, in unsatu-
rated soil slopes, the appropriate estimate of the 
above mentioned quantities requires the specific 
analysis of both rainwater infiltration and runoff 
(Cuomo and Della Sala, 2013). This is an impor-
tant issue because hyperconcentrated flows are 
characterized by a highly time-variable sediment 
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whole catchment and at the outlet. A physically-
based model was used, and the numerical results 
provided an adequate estimate of the discharge at 
the outlet of the basin and useful indications on 
the source areas of erosion.

2 CASE STuDy

Shallow deposits of unsaturated pyroclastic soils 
cover a large area in southern Italy (Bilotta et al., 
2005, Cascini et al., 2008, Cascini et al., 2010). 
These soils originated from the explosive eruptions 
of the Somma-Vesuvius volcano, transported by 
the prevailing winds over large areas and, finally, 
spread by air-fall deposition on the slopes near the 
volcano. The pyroclastic soils mainly consist of silty 
sands or sandy silts (ashy soils) and coarse sands or 
sandy gravels (pumice soils). Details on origin and 
later pedogenetic processes of the pyroclastic soils, 
as well as an advanced soil mechanical characteri-
zation in saturated and unsaturated conditions was 
given by Bilotta et al. (2005), Cascini et al., (2010).

The study area is characterized by the presence 
of unsaturated pyroclastic soils, and it is located 
inside the so-called “Amalfi Coast”, which cor-
responds to a coastal carbonate ridge (Lattari 
Mounts). This site is famous for the natural beau-
ties and it is part of the unESCO World Heritage. 
However, this area is also well-known because dra-
matically threatened by flow-like slope instabilities. 
Here, especially in the late summer (Cascini et al., 
2014), heavy rainfalls cause the erosion of super-
ficial pyroclastic topsoils and cascading processes 
often occur, which are related to the water flow and 
water-transported solid particles, such as hyper-
concentrated flows and flash floods. Cascini et 
al. (2014) outline that different slope instabilities 
occur as related to the seasonal effects of rainfall 
in the unsaturated pyroclastic soils covering the 
hillslopes. Based on rainfall, suction and historical 
data, the authors highlight that: i) in September and 
October, when the soil suction is variable between 
20−30 kPa, most erosion phenomena occur, typi-
cally turning into hyperconcentrated flows; ii) from 
January to May, when the soil suction values are 
lower than 10 kPa, shallow landslides are triggered, 
later evolving into debris flows or debris avalanches; 
iii) in november and December, when the soil suc-
tion is variable between 10–20 kPa, both erosion 
phenomena and shallow landslides may occur and 
iv) from June to August, when suction is higher 
than 30 kPa, only local erosion phenomena and 
small-size shallow landslides may be triggered.

The investigation site is the Sambuco catch-
ment, which is 5.6 km2 large, with a perimeter 
12.1 km large and a main stream channel 5.3 km 
long and lateral hillslopes similarly regular, mainly 

steep from 10 to 40° (Fig. 1). Through an auto-
matic procedure available within a GIS platform 
(Calvello et al., 2012), the catchment was divided 
into 68 sub-basins with drainage area equal to or 
greater than 0.05 km2, whose the shape and loca-
tion are shown in Figure 1. In this paper, the cal-
culated eroded soil thickness was averaged within 
these sub-basins. The outlet of catchment cor-
responds to the Minori town, one famous village 
along the coast. As it concerns the geomorphologi-
cal landforms, open slopes and Zero Order Basins 
(sensu Cascini et al., 2008, 2011) are widespread, 
especially in the uppermost portions of the catch-
ment (Fig. 2). Whereas, incised V-shaped valleys 
are prevalent in the lower part of the catchment. 
Moreover, outcrops of Mesocenozoic rocks and 
Quaternary continental deposits are common in 
the whole area and many alluvial fans are present.

On the ridges, the pyroclastic soils were depos-
ited as falling ashes, sands and pumices. Along the 
hillslopes, pyroclastic soils and debris are prevalent, 
although carbonate clasts are also present as a con-
sequence of colluvial processes; in the valleys, loose 
fluvial deposits of angular gravels and pebbles exist. 
Particularly, shallow pyroclastic covers are multilay-
ered and made of volcanic ashes with soil conduc-
tivity from 5 × 10−6 to 5 × 10−5 m/s (Bilotta et al., 
2005) and pumices with soil conductivity ranging 
from 1.0 × 10−5 to 1.0 × 10−2 m/s (Sorbino, 2005). 
Estimates of soil conductivity in this site are also 
available from Papa et al. (2011), equal to 2.4 × 10−5–
9.6 × 10−4 m/s. The map of soil thickness (Fig. 3) 
shows that: i) along the hillslopes, soil deposits are a 
few meters thick (generally less than 2 m); ii) at toe 
of hillslopes, soil thickness may exceed 5 meters.

On 25th–26th October 1954, 504 mm of rainfall 
were recorded in 8–16 hours, with a maximum rain-
fall intensity of 136.8 mm/h (Tranfaglia and Braca 

Figure 1. Slope angle map of Sambuco catchment 
(southern Italy), data courtesy of Autorità di Bacino 
Destra Sele, 2012).
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2004, Cascini et al., 2009; De Luca et al., 2010; 
Tessitore et al., 2011; Esposito et al., 2003, 2004). 
Figure 4 shows the hourly rainfall intensity and the 
cumulated rainfall at the rain gauge of Salerno.

Several small first-time shallow landslides and 
a 0.18 km2 landslide were triggered (Fig. 5), later 
propagating as debris flows (Hungr et al., 2001), 
i.e. channelized landslides of the flow-type. Wide-
spread soil erosion and hyperconcentrated flows 
were also observed, as described in the historical 
documents (Esposito et al., 2004; Papa et al., 2011, 
2012), even though a specific map for the source 
areas of erosion was not available for this event. 
Thus, Figure 5 mostly refers to landslides of the 

flow-type. The total mobilized volume was about 
300,000 m3, with a total peak discharge (of water 
and sediments) equal to 180 m3/s at the outlet of 
the catchment. Moreover, according to eyewit-
nesses (Buonomo and Gambardella, 2004; Papa 
et al., 2011, 2012), the event was characterized by 
several not contemporary surges, in which the larg-
est surge was characterized by a total sediment vol-
ume of about 63,000 m3 with a total peak discharge 
of water and sediment of about 58 m3/s.

3 EROSIOn MODEL

In the literature different soil erosion models (Merritt 
et al., 2003; Aksoy and Kavvas, 2005 Lastoria et al., 
2008; Terranova et al., 2009) exist that can be divided 
into three main categories: i) qualitative, ii) semi-
quantitative and iii) quantitative. Among the quan-
titative models, the physically-based models allow 

Figure 2. Geomorphological map: 1) ridge; 2) open 
slope; 3) very steep slope; 4) Zero Order Bain (ZOB); 5) 
V-shaped valley; 6) bedrock outcrop; 7) alluvial fan (data 
from Autorità di Bacino Destra Sele, 2012).

Figure 3. Thickness map of pyroclastic soil deposits 
(data from Autorità di Bacino Destra Sele, 2012).

Figure 4. Rainfall data recorded at the Salerno rain 
gauge (data from Esposito et al., 2004).

Figure 5. Map of the principal slope instabilities 
occurred on 25–26th October 1954 in Sambuco catch-
ment (data from Autorità di Bacino Destra Sele, 2012).
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quantitative analyses of water infiltration, runoff and 
sediments mobilization. Among the physically-based 
models, the spatially-distributed model LISEM (Lim-
burg Soil Erosion Model, De Roo et al., 1996a, 1996b; 
De Roo and Jetten, 1999; Jetten, 2002, 2014) was 
selected to simulate the 1954 event. In this model, the 
infiltration process is computed taking into account 
the properties of unsaturated soils through simplified 
and/or complex models; the input data and output (i.e. 
erosion, deposition and runoff heights) are spatially-
distributed; the effects of a single rainfall event can be 
simulated; the temporal variation of either water and 
solid discharges or sediment concentrations can be 
computed. As a main drawback, a specific calibration 
is required for small or large runoff events (Hessel et 
al., 2003, Baartman, 2012), and the soil loss may be 
overestimated (Hessel et al., 2006). It is also quite clear 
that the main inaccuracy of the model may relate to 
the low-quality of the input data; the uncertainties in 
the measured field data; the complexity of the rain-
fall events, soil types and land use; as well, the lack 
of some processes not yet implemented in the model 
(e.g. throughflow or baseflow) may play a role in the 
site-specific applications.

The model takes into account the main proc-
esses contributing to the soil erosion such as: the 
interception of rainwater by vegetation, the splash 
detachment, the water storage in micro-depressions 
of ground surface, the infiltration of the ground 
surface, the overland flow, the flow detachment, 
the sediment transport and deposition (i.e. respec-
tively, when the overland flow is capable or not to 
transport solid particles), channel erosion, runoff 
over impermeable surfaces.

Some fundamental equations among those 
implemented in the model are herein recalled for 
the sake of the clarity, while more details are given 
by Jetten (2014), Cuomo et al. (2015) and Della 
Sala et al. (2015).

Particularly, the transient vertical water infiltra-
tion process is simulated in the paper through the 
Green-Ampt’s model (Eq. 1), which entails that the 
downwards infiltration rate (f, mm/h) is:

f k
dh

Fsat
sat i= − ⋅ ⋅ − +





( )θ θ 1  (1)

where ksat is the saturated hydraulic conductivity 
(mm/h); dh is the sum of water pressure on the 
ground surface and soil suction at the wetting front 
(mm); θsat is the saturated porosity (−) and θi is the 
initial moisture content below the wetting front (−); 
F is the cumulative infiltrated rainwater, which fills 
the available (empty) pore space (θsat − θi) during 
the infiltration process up to the infiltration depth 
(z, mm) reached by the wetting front until the end 
of the infiltration process.

The difference of the rainfall intensity and water 
infiltrating the slope, which is the runoff, is routed 
downhill towards the catchment outlet through a 
four-point finite-difference solution of the kine-
matic wave coupled with the Manning’s equation.

The generalized erosion-deposition formulation 
of Morgan et al. (1998) and Smith et al. (1995) is 
assumed, which entails that the amount of sedi-
ment in suspension (e) can be computed as:

e D D Ds f p= + −  (2)

where the Ds is the splash detachment (kg/s), Df is 
the flow detachment (kg/s) and Dp the deposition 
(kg/s). The splash detachment was neglected in this 
paper, due to the lack of the specific detailed input 
data.

The transport capacity TC (kg/m3) is computed 
as (Govers, 1990; Morgan et al., 1998):

T c c v Sc s c
d

s
d= ⋅ ⋅ −( ) = ⋅ ⋅ ⋅ −( )γ ω ω γ 0 004.  (3)

where γs is the bulk density of solid grains (2650 kg/
m3), ω and ωc are the unit stream power and critical 
unit stream power (m/s) respectively; S is slope gra-
dient (m/m); v is mean flow velocity (m/s); and c and 
d are empirically derived coefficients, depending on 
the texture median (d50) of the upper soil layers.

The flow detachment (Df, kg/s) occurs as long 
as the transport capacity Tc is larger than the con-
centration of the suspended sediments (C, kg/m), 
provided that a soil strength threshold, related to 
soil cohesion; conversely, the deposition (Dp, kg/s) 
occurs whenever the transport capacity is less than 
the total suspended sediment in the flow:

D Y T C Qf C= ⋅ − ⋅( )  (4)

D w dx v T Cp s C= ⋅ ⋅ ⋅ −( )  (5)

where Tc is the transport capacity of the flow (kg/
m3), Y is a dimensionless efficiency factor that 
depends on soil cohesion (Morgan et al., 1998) and 
Q is the discharge (m3/s); w is the width of flow (m), 
and vs is the settling velocity of the particles (m/s).

4 nuMERICAL AnALySIS

4.1 Inputs

A 5 × 5 m Digital Terrain Model (DTM) of the 
Sambuco catchment was used for the numerical 
modelling. A time-step equal to 10 seconds was 
fixed, in agreement with Jetten (2002), who pro-
posed to use a time step (expressed in seconds) 
equal to 2 times the cell size (in metres).
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From the available data for the 1954 event, it was 
assumed the rainfall intensities equal to the hourly 
rainfall data recorded at the Salerno rain gauge on 
25th–26th October 1954 (Fig. 4), and homogene-
ous over the entire study area for simplicity.

In order to exclusively evaluate the response of 
the mountain catchment to the mechanical prop-
erties of the unsaturated soils, some simplified 
assumptions were made. Particularly, i) rainsplash 
erosion was neglected; ii) the interception of rain-
water by crops and vegetation was included into 
the model, assuming a broadleaved forest as pre-
vailing cover. In this way, the maximum canopy 
storage was calculated by an empirical equation, 
implemented in the LISEM model, which entails 
the dependence on the maximum Leaf Area Index 
(LAI). The effect of the vegetation roots, which 
provide an additional soil cohesion (cadd), was 
estimated equal to 0.2 kPa. The water storage in 
micro-depressions of the ground surface was con-
sidered as related to the soil Random Roughness 
(RR). The latter was assumed equal to 10 times the 
median diameter of the soil (d50), which is equal to 
0.25 mm according to Bilotta et al. (2005).

Based on these assumptions, the response of 
the mountain catchment was strictly related to the 
mechanical properties of the unsaturated soils, 
whose thickness was assumed as spatially-variable. 
The mean values of the soil thickness map shown 
in Figure 3 were considered.

The response of the Sambuco catchment was 
investigated for different hydraulic soil properties, 
especially taking into account the typical values of 
soil suction of the occurrence period for the 1954 
event (Cascini et al., 2014). The soil conductivity 
and the volumetric water content, as well as the 
soil suction were taken from the literature (Cascini 
et al., 2014; Cuomo et al., 2015; Papa et al. 2011, 
2012) and re-calibrated to reproduce the 1954 event. 
Table 1 provides the list of the most significant 
cases. A comparison with the heuristic condition 
of impervious ground surface was also performed 
in order to compare the results with a case with the 
ground infiltration process totally neglected.

4.2 Results

The results of each LISEM simulation were elabo-
rated in terms of: i) transient variables at the outlet 
of the catchment, like total discharge (Qtot, m3/s) 
and volumetric concentration of sediments (Cv,%), 
ii) total peak discharge (Qtot

p, m3/s) and volume 
of eroded sediments (Vs, m3), and iii) maximum 
volume metric sediment concentration (Cmax

v,%). 
Moreover, for each sub-basin of Figure 1, the mean 
value of the eroded soil thickness was mapped and 
compared with 1954 field evidences event. The time 
variations of Qtot and Cv at the outlet of the catch-

ment are shown in Figure 6, where the labels refer 
to the cases of Table 1. The achieved results show 
that: i) the temporal pattern of the input rainfall 
caused the occurrence of different surges of water 
and sediment at the outlet of the catchment (as 
recorded during the 1954 event, Papa et al., 2011), 
which corresponded to different values of total 
peak discharge for all the simulated cases, while the 
volumetric concentration of sediment was always 
variable in the range 20% – 24%, with the maxi-
mum obtained for all the cases; ii) the total peak 
discharge was overestimated if  compared with the 
1954 event in three cases: ground surface impervi-
ous condition, as expected (case 1), and for a low 
soil conductivity (cases 2 and 5); for these cases, the 
volumetric concentration of sediment reached the 
maximum value at the beginning of the rainfall (case 
1) or after 6 hours from the beginning of the rain-
storm (cases 2 and 5); iii) a better estimation of the 
total peak discharge (about 180 m3/s) was obtained 
for the cases 3 and 4 that successfully reproduce 
the field evidences recorded during the event; for 
the latter cases, the maximum volumetric concen-
tration of sediment was obtained in correspond-
ence with the maximum hourly rainfall intensity. 
Moreover, the sediment concentration obtained for 
all the simulated cases, was always in the range of 
Costa (1988) for the hyperconcentrated flows (20 to 
47%) in agreement with the eyewitnesses.

For all the simulated cases, the maximum total 
peak discharge (Qtot

p
(max)), the total volume of 

eroded sediments (Vs) and the volume of the sec-
ondary surge of solid material (Vs

(sec)), the second-
ary total peak discharge (Qtot

p
(sec)) and the maximum 

volumetric concentration of sediment (Cmax
v) are 

shown in Table 2, where it is possible to observe 
that the cases 3 and 4 well reproduce the 1954 event 
both in terms of total volume and total peak dis-
charge and in terms of secondary surge. Moreover, 
the relation between Qtot

p
(max), Qtot

p
(sec), Vs

tot and Vs
(sec) 

is shown in Figure 7, where the simulated cases are 
compared with the field evidences available in the 
literature for the 1954 event (Papa et al., 2011).

Table 1. The input data and the list of cases simulated 
in the numerical modeling.

ID
Soil suction  
(kPa)

ksat  
(m/s)

θi  
(−)

θsat  
(−)

1 no infiltration
2 30 1.5 × 10−4 0.17 0.37
3 30 1.0 × 10−3 0.08 0.37
4 40 1.0 × 10−3 0.20 0.67
5 30 1.0 × 10−4 0.07 0.37

Soil thickness was assumed the mean values of each class 
of the map of Figure 3.
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Moreover, the simulated cases was compared with 
the regression lines derived from empirical observa-
tions of past debris flows occurred in mountain 
catchments of other sites (Jitousono et al., 1996; 
Rickenmann, 1999), and that represent the upper 
and lower limits of a wide range of other regression 
lines reported in literature (Cuomo et al., 2015).

This last comparison (Fig. 7) highlights that the 
events observed of the Sambuco catchment and 
the cases simulated fall within the range provided 
by the literature, close to the lower boundary, both 
for the total volume of sediments and for the sec-
ondary surge of material. Referring to the 1954 
event, it can be observed that the total and second-
ary peak discharges and the total volume of sedi-
ment are higher for the cases 1, 2 and 5 than those 
observed, while a good estimation is obtained for 
the cases 3 and 4. However, no relevant difference 
was obtained for the maximum volumetric concen-
tration of sediment—about 24% – for all the cases.

While the results of Figure 7 provide a satis-
factory calibration and validation of the model, 
insights were obtained for erosion depths along the 
slopes. The results of the cases 3 and 4 are shown in 
Figure 8, where the erosion depths are averaged in 
each sub-basin of Figure 1 and compared with the 
slope instabilities of Figure 5. It can be noted that 
the simulated erosion process is widespread inside 

the whole catchment with erosion depths higher 
than 10 cm in sub-basins located at the downstream 
part of the catchment. In particular, the results of 
the case 3 show a moderate agreement with the 
slope instability map of Figure 5, which, however, 
mostly refer to shallow landslides rather than soil 
erosion. Thus, the imperfect coincidence of the most 
eroded areas with the field data of the 1954 can be 
explained. On the other hand, the results of Figure 8 
also indicate the proneness to soil erosion of zones 
other than those mapped in Figure 1. Of course, 
a more detailed data-set for soil erosion along the 
slopes would further improve the analysis.

5 COnCLuDInG REMARKS

The paper dealt with the analysis of the erosion 
patterns induced by the 25–26 October 1954 rain-
storm, which triggered flow-like slope instabilities 
in a mountain catchment characterized by unsatu-
rated air-fall volcanic (pyroclastic) soils.

The physically-based LISEM model was used 
referring to detailed field data for the DTM, soil 
cover thickness and soil mechanical properties. Con-
versely, the rainsplash detachment was disregarded 
due to the lack of detailed input data, and the rainfall 
intensity and type of vegetation cover were assumed 
as spatially homogeneous in the whole study area.

The achieved results allowed a satisfactory 
simulation of the past event in terms of total peak 

Figure 6. Total discharge—of water and sediments—
and volumetric concentration of sediments for the cases 
of Table 1.

Table 2. The results of the numerical modelling for the 
1954 events in the Sambuco catchment.

ID
Vs

tot  
(m3)

Qtot
p (max)  

(m3/s)
Vs

(sec)  
(m3)

Qtot
p (sec)  

(m3/s)
Cv

max  
(%)

1 897,958 281.4 132,125 156.3 24.14
2 744,399 262.3 117,369 139.2 24.13
3 333,521 177.7  55,904  67.3 24.18
4 272,018 161.0  46,133  59.1 24.10
5 781,245 267.7 121,625 144.2 24.14
(*) 300,000 180 – – ^
(**) – –  63,000 58 ^

Vs
tot: total volume of the eroded sediments; Qtot

p
(max): 

maximum total peak discharge of water and solids; 
Vs

(sec): total volume of eroded sediments due to secondary 
surge; Qtot

p
(sec): secondary total peak discharge of water 

and solids; Cmax
v: maximum volumetric concentration of 

sediments.
(*) data referred to the whole event from Papa et al., 
2011; (**) data referred to the maximum single surge of 
the event from Papa et al., 2011.
^: reported as a hyperconcentrated flow by eyewitnesses, 
i.e. corresponding to the range of sediment concentra-
tion of about 20 to 47% by volume in the Costa (1988) 
classification.
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discharge and total volume at the outlet of the 
catchment, and the back-analysed soil conductivity 
falls in the range of literature for pyroclastic soils. 
Some new insights were gained as well for soil ero-
sion along the slopes. The erosion depths computed 
within the sub-basins are higher than 5 cm in mod-
erate agreement with the zones where the principal 
slope instabilities took place during the 1954 event.

Some limitations of the performed analysis still 
require further investigation to be done next, such 
as the analysis of the role of a specific distribution 
of the vegetation cover in the study area.
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