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SCIENCE

Multiscale map analysis in alluvial fan flood-prone areas
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Several case studies of geomorphological mapping at various scales in order to identify areas
prone to alluvial fan flooding are presented in this paper. The selected areas are located in
southern Italy and are representative of a geomorphic unit (foothills consisting of coalescent
alluvial fans) found throughout the southern Apennines. The medium-scale approach
represents the best tool to identify areas susceptible to flooding, using detailed
geomorphological mapping of fan systems. It can be considered a preliminary analysis,
which provides important information for large areas and identifies zones which need
further investigation. Large-scale map analysis may be applied to a single fan and used to
distinguish fan portions prone to different degrees of hazard exposure, thus providing
accurate information for decision-makers who are called upon to plan hazard management.
In both cases, analysis based on detailed geological and geomorphological field surveys is
often coupled with remotely sensed data.

Keywords: Medium and Large scale maps; urbanized alluvial fan; flooding susceptibility; GIS
applications; Southern Italy; debris flow

1. Introduction

Piedmont areas consisting of coalescent alluvial fans are commonly occurring geomorphological
units worldwide (Bull, 1968, 1977). Due to their gentle slope, they are often prime spots for urban
development. However, during intense storms, they may be affected by flooding and/or debris
flow processes, thus becoming prone to hazardous phenomena.

Flood susceptibility assessment in fan contexts is a major challenge, although to date this has
received little attention. Papers dealing with other kinds of natural hazards such as landslides in
mountain and hill areas (Aleotti & Chowdhury, 1999; Capparelli, Versace, & Biondi, 2013;
Cascini, Bonnard, Corominas, Jibson, & Montero-Olarte, 2005; Castelli et al., 2002; JTC-1,
2008; Olivares & Picarelli, 2003; Sorbino, Sica, & Cascini, 2010) and flood hazards in floodplains
(Canuti & Casagli, 1996; Guzzetti, Stark, & Salvati, 2005; Jalayer et al., 2014; Van Westen, 2000)
are more numerous than those regarding flood susceptibility assessment in fan contexts.

# 2015 Vittoria Scorpio

∗Corresponding author. Email: vittoria.scorpio@unimol.it

Journal of Maps, 2016
Vol. 12, No. 2, 382–393, http://dx.doi.org/10.1080/17445647.2015.1027155

mailto:vittoria.scorpio@unimol.it


The current literature provides several approaches to this problem. According to the Federal
Emergency Management Agency of the USA (National Research Council, 1996), detailed geo-
morphological mapping at small and medium scales (1:50,000–1:10,000) and integrated field
surveys represent the best tools to identify areas susceptible to flooding by defining active por-
tions of the fan (Special Flood Hazard Areas).

At the same time, detailed morphometric analysis of the basin/fan system may provide impor-
tant information related to the intensity of the event. Indeed, a basic aspect is fan classification
with respect to the dominant transport mechanism: water flood (Wf) or debris flow (Df)
(Costa, 1988). Df-dominated alluvial fans are susceptible to the occurrence of flows with high
viscosity (high percentage of debris load) and hence this group of fans can be considered as
having the highest danger levels (Aulitzky, 1980; Welsh & Davies, 2011). Many studies have
proved that a detailed morphometric analysis of the basin/fan system, coupled with geomorpho-
logical, stratigraphic, sedimentological and historical analyses, may be useful to distinguish
between Df and Wf fans (Bertrand, Liébault, & Piégay, 2013; Crosta & Frattini, 2004; De
Scally & Owens, 2004; De Scally, Owens, & Louis, 2010; Hashimoto et al., 2008; Melton,
1965; Santangelo et al., 2012; Sorriso-Valvo, Antronico, & La Pera, 1998; Wilford, Sakals,
Innes, Sidle, & Bergerud, 2004).

Studies at larger scales (1:5000–1:1000) are necessary in order to evaluate the different
degrees of susceptibility to flooding on the same alluvial fan. They always entail detailed geologi-
cal and geomorphological field surveys with the production of several thematic maps often
coupled with analysis of remotely sensed data, geographic information system applications
(digital elevation model (DEM) production, Spatial analysis, etc.) and numerical modeling
(Berti & Simoni, 2007; Bertolo & Bottino 2008; Hurlimann, Copons, & Altimir, 2006; Pelletier
et al., 2005).

This paper presents some examples of geomorphological mapping at various scales applied to
the problem of defining areas prone to alluvial fan flooding. The proposed case studies are located
in southern Italy and have been selected because they can be considered representative of pied-
mont units with extensive urbanization and subject to substantial human impact which in recent
decades has been repeatedly hit by alluvial events.

2. Study area

The selected piedmont areas are situated in southern Italy at the foot of two major mountain fronts
in the southern Apennines: the SW slope of the Matese Mts and the SW slope of the Maddalena
Mts.

The catchment basins feeding the fan systems are made up primarily of Mesozoic dolostones,
limestones, and locally by siliceous-marly-clayey successions (see Figure 1 ‘Location and geo-
logical setting’ in the upper left-hand corner of the map and the legend of Main Maps 1A and
2A). The areas in question consist of complex fan systems, ranging in age from the Late
Middle Pleistocene to the Holocene. As regards their main morphometric attributes (Figure 1),
the basins are characterized by high relief energy (700–1000 m), have mean inclinations
between 208 and 378, half of them have an area of less than 3 km2 while the hierarchical order
(sensu Horton, 1945) does not exceed group 4 (at a map scale of 1:5,000). Detailed morphometric
characterization of these basin/fan systems in terms of dominant transport processes was proposed
by Santangelo et al. (2012).

The piedmont areas under study are moderately urbanized: entire villages and towns
(Raviscanina, S. Angelo d’Alife, Piedimonte Matese, Sala Consilina, Padula) often dating back
to Roman or Medieval times have developed on the alluvial fan surface, and a strong interaction
between human activity and stream activity is recorded. This interaction is immediately evident
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Figure 1. Distribution of the main morphometric parameters in the analyzed basin/fan systems.
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from consultation of the relevant literature and archives (Santangelo et al., 2012). Starting from
1581, there is evidence of more than 30 alluvial events which often caused severe damage to prop-
erty and infrastructure, and in many cases, also loss of life (Table 1 and Figure 2). This suggests

Table 1. Historical data set of past floods.

Area Date Locality

Fatalities and damage

Fatalities Buildings Roads Fields

Matese
Mts

10–01–1581 Piedimonte Matese
and surrounding
villages

400 x x

09–26–1728 Piedimonte Matese x x
11–20–1778 Alife, Piedimonte

Matese
x

10–1803 Piedimonte Matese
1814 Piedmonte Matese
09–1841 Piedmonte Matese,

San Potito
7 x x x

10–02–1948 S. Michele (Alife) x x
09–13–1851 Sant’Angelo d’Alife,

Alife, Piedimonte
Matese

09–13–1857 Piedimonte,
San’Angelo d’Alife

90 x x x

1915 Alife
10–26–1966 Alife, Piedimonte

Matese
1968 Alife
07–27–1972 Piedimonte Matese x
09–22/23–2002 Raviscanina x x
10–01–1581
09–26–1728
11–20–1778
10–1803

Maddalena
Mts 06–1806 Sala Consilina 30 x x

1814 Sala Consilina x
06–06–1822 Sala Consilina x x
06–18–1827 Sala Consilina x x
10–27–1839 Padula x x
1851 Padula x x
1857 Padula x x
1858 Sala Consilina 22 x x x
1859 Padula x x x
10–10–1867 Padula x x x
1876 Padula x x x
1881 Padula x x x
1883 Padula x x x
1900 Padula x x x
11–1927 Sala Consilina x x
1858 Sala Consilina 1 x X
2–16–1963 Sala Consilina x x
2–18–1963 Padula x x
12–17–1968 Padula x x
12–26–1993 Sala Consilina x x
11–26–1996 Sala Consilina, Padula x
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that identification of alluvial fan flood-prone zones in the study area is a requirement for hazard
planning.

3. Methods

The following analysis was carried out and several thematic maps at different scales were sub-
sequently produced (Figure 3). First, we used a medium-scale (1:30,000) approach to identify
the active portions of the piedmont areas (i.e. to establish ‘where’ flooding might occur).
Second, we used a larger scale (1:2,000) approach, allowing the areas susceptible to different
levels of hazard to be identified within a single fan.

In the medium-scale analysis, we identified the flood-prone areas according to the recommen-
dations of the NRC (1996), which state that the active portions of a fan (Special Flood Hazard
Areas) may be considered those located down-fan with respect of the intersection point (sensu
Blair & McPherson, 1994; Hooke, 1967).

Figure 2. Evidence of historical flood events in the study areas. (a) and (b) Sala Consilina town (1927)
(Maddalena Mts); (c) and (d) Piedimonte Matese town in 1966 (MateseMts); (e) Alife town in 1948 (Mate-
seMts) and (f) Raviscanina town in 2002 (MateseMts). (Modified by Caiazza, 2002).
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In the study areas, the alluvial fan systems generally consist of different generations of fans
which can be superimposed or entrenched (see sketch 1 in the ‘Flood susceptibility assessment
at medium-scale’ box and Main Maps 1A and 2A). For each fan, through detailed analysis of
the topographic maps, we identified and plotted the fan apex, the incised channel and the inter-
section point. We considered all fan portions located down-fan of the intersection point as
active. The fan’s lateral boundaries were defined on the basis of changes in the shapes of
contour lines on the topographic maps. In order to achieve these goals, medium-scale aerial
photos taken in 1981 (1:33,000), and orthophotos from 1998 were used. Geomorphological
and topographic analyses were combined with field surveys to verify height of fluvial scarps,
state of activity of fans, channel condition and the sedimentary characteristics of deposits (see
Main Maps 1A and 2A).

The final layout of the maps was edited in Corel Draw, and represented at a scale of 1:30,000.
Different contour line spacings were used to represent mountain front and piedmont areas,
enhance map readability and allow intersection points to be distinguished. The basin areas
were transferred to a topographic map base consisting of 100-meter contours. The contour

Figure 3. Flow chart of the applied methods.
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lines were obtained from the DEM. The piedmont areas were represented with a topographic map
derived from the 1:5,000-scale CTR sheets, published by the Campania Regional Authority.

In order to further assess the intensity of potential flooding, we considered the results of San-
tangelo et al. (2012) who, by means of a multidisciplinary approach applied to a database com-
prising 102 alluvial fan systems including our study areas, were able to discriminate between
debris flow and water flood fans. The method proposed by the authors is based on stratigraphic
analysis of the fans and morphometric analysis of the basin–fan systems. In particular, the strati-
graphic analysis together with statistical analysis of the morphometric variables was used to clas-
sify the fans in terms of the transport process involved. The results indicate that in the context
examined, the best discrimination between debris flow (Df) and water flood (Wf) processes is
achieved by means of two related variables, one for the basin (feeder channel inclination, Cg)
and one for the fan (fan length, Fl). The authors propose the following linear equation:

Fx = −114.74 − 0.34 Cg + 17.24 log (Fl). (1)

The alluvial fan is water flood-dominated if Fx . 0, while it is debris flow-dominated if Fx , 0.
The probabilities of belonging to Wf transport were evaluated by means of the logistic

function:

P(F(x)) =
eF(x)

(1 + eF(x) ) . (2)

Here, a P value (P(F(x))) exceeding 0.5 indicates that a basin/fan system belongs to group
‘Wf’.

We add this information to the map with different colors for the Df and Wf fans (see sketches
S1A and S2A on the map).

Large-scale analysis was applied to six fans in the Maddalena Mts. We followed the method
proposed by Santangelo et al. (2011) which allows the construction of a flood susceptibility
map by means of a map overlay procedure based on the susceptibility matrix. In particular, we
discuss here the four ‘base’ maps required for this application: historical events map, recent
lobes map, steepness map and hydraulic and road network conditions (see Main Maps 1b, 2b,
3b, and 4b).

4. Legend explanation and map descriptions

4.1. Medium-scale maps

Main Maps 1A and 2A are geomorphological maps intended to identify the active portions of the
piedmont areas. The main geomorphologic units (mountain front, piedmont area and alluvial
plain) were first identified. The mountain fronts unit was characterized with reference to its sub-
strate and covering deposit. The substrate is made up mainly of dolostones, limestones or silic-
eous-marly-clayey successions. Covering deposits may have a debris or colluvial genesis. This
geomorphologic unit is affected mainly by fluvial erosion processes which allowed the formation
of wide drainage basins which were mapped and classified, taking into account their hierarchical
order (Strahler, 1957). The main stream was also described by means of its cross-section (V, U or
flat shaped) in order to provide information on erosion and deposition processes occurring along
the main channels of the basins.

In the piedmont unit different shades of green were used to distinguish inactive (lighter green)
and active (medium green) zones of the fans and the historical lobes (darker green). They were
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mapped by locating the fan apexes and the intersection points (Blair & McPherson, 1994; Hooke,
1967), and by evaluating the height of the main channel banks (divided into three classes: higher
than 5 m, between 2 and 5 m and less than 2 m). All the remaining portions of the piedmont area
were mapped as inactive fans. They are at present dissected and lack any evidence of recent allu-
vial flood events.

In order to complete our analysis, channels were classified into natural (blue solid line), aban-
doned (blue dashed line) or man-modified (fuchsia). Man-modified channels were distinguished
into underground channels (fuchsia solid line) or those with weirs (fuchsia dashed line). Finally,
when present, some morphologies also due to gravity processes (debris cones and colluvium)
were mapped.

Rapid comparison between the two maps immediately provides an idea of a different zonal
distribution in terms of fan activity between the two areas. In the case of the Matese piedmont
(Main Map 1A), the flood-prone zones are less extensive and located in the distal sector,
while, in the case of the Maddalena mountains (Main Map 2A), they cover a wider area and in
many cases are located in the proximal portion of the piedmont unit. Obviously, this makes a
difference in terms of land-use planning.

In order to obtain information on the possible magnitude of the event, we considered data
from Santangelo et al. (2012) regarding fan classification in terms of transport processes
(debris flow vs. water flood) and added this information to sketches S1A and S2A. As can be
observed, in the case of the Matese piedmont, all the studied fans were classified as water
flood-dominated; in the case of the Maddalena piedmont, both types are present in roughly
equal proportions, but the Df fan is clearly concentrated in the central area, in proximity to the
town of Sala Consilina. The example shows that by comparing different geomorphological
maps, it is possible to understand rapidly and straightforwardly which portions of the piedmont
it is necessary to focus on with a large-scale approach.

4.2. Large-scale maps

Based on the previous results, large-scale mapping was applied to the six fans in the Maddalena
Mts, over which the town of Sala Consilina was built. The area was also selected because it is
highly urbanized and in recent centuries has been affected by severe floods. The main aims of
this large-scale analysis were: (i) to highlight the areas previously hit by alluvial events and ident-
ify potential future flooding or depositional zones; (ii) to highlight the possible interaction
between flow propagation and human infrastructure. All these data can be considered as negative
predisposing factors in the case of alluvial events.

Main Map 1b (map of historical events) and Main Map 2b (map of recent lobes) were drawn
up in response to the first point. The map of historical events (1b) includes the location of damage
produced by nine major alluvial events (Santangelo et al., 2011) recorded from 1806 to 1947. On
Main Map 2b, the recent lobes were mapped by means of the detection of contour line anomalies
and pronounced convexities on the active fan surface. This map allowed identification of several
depositional lobes stretching up to 1 km from the apex to the distal part of the fan. Both maps
suggest that the areas most severely hit by flooding are located on the fan apex and near the
main channel.

Maps 3b (steepness) and 4b (hydraulic network conditions) cover the second point. The steep-
ness map includes the following ranges of slope angle: up to 68, between 68 and 128 and exceed-
ing 128. These gradient variations can significantly influence the flow propagation during an
alluvial event. The map of hydraulic network conditions (Map 4b and Figure 4) displays the
main hydraulic features and road distribution which can influence and divert a flow. The main
elements which were mapped are: main and secondary roads along which the flow can be
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channeled, an underground channeled stream (Figure 4, photos a, b and d), a stream bed trans-
formed into a road (Figure 4, photos f and g), a weir showing a very poor degree of maintenance
(filled in with coarse debris, vegetation and waste), critical points due to an abrupt change in
stream direction and/or to the small cross-section of the stream (Figure 4, photo e) and to other
circumstances (as shown in the photographs c, Figure 4) such as those in which the stream bed
is completely surrounded by buildings.

The overlay of these four ‘base maps’ (Santangelo et al., 2011) produced the susceptibility
map (Map B) which allows identification, within a single fan, of areas prone to flooding in

Figure 4. Examples of hydraulic critical points in Sala Consilina: (a), (b) (c) and (g) the main stream is
channeled underground; (d) and (f) the stream re-emerges, but its bed has become a road; (e) the stream
has a very small cross-section and is completely surrounded by houses.
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different ways. The map overlay procedure is based on a susceptibility matrix (Figure 3 and Map
B) which takes into account the main steepness classes and links them with the other natural and
artificial predisposing factors. In particular, the three classes of steepness data were linked with
the presence of ancient depositional lobes, with the presence of artificial anomalies on the fan
surface (street orientation, stream deflection, critical points) and with the occurrence of historic
events. To each slope class, an increasing score from 1 to 3 was assigned and thus the first
three zones with different susceptibilities were detected. The other three aggravating parameters
were then considered, each with a score equal to 1. Based on their presence/absence, three other
levels (ranging from 1 to 3) of scores were defined. The following layer intersections allow four
different susceptibility classes to be detected.

The very high susceptibility zones (in red), generally located on the fan apex or along the main
channel, can be considered the direct impact zones in the event of debris flow phenomena. Based
on sedimentological observation collected during field survey (Santangelo et al., 2011) and his-
torical evidence (photos), the material transported through these zones could include boulders up
to one meter in diameter, tree trunks, coarse debris and the obstruction of the main hydraulic
channel if the stream has been forced to flow underground.

The high susceptibility zones (in orange) are those where the flows may be diverted and/or
through which flows may subsequently travel. Their distribution is strongly influenced by the
presence and orientation of the main streets and buildings. Material may include rocks and
debris but is more likely to contain boulders less than 0.5 m in diameter to fine-grained material.
The potential damage is strictly linked to water discharge and its velocity.

The medium susceptibility zones (in yellow) are located in the middle fan area and may be
affected by the distal or lateral portion of flows carrying finer materials. Flooding of the buildings
base level floor and low water level (some dm) along the streets may be expected.

Finally, the low susceptibility zones (in green) are those with low gradients, located on the
distal part of the fans where other negative predisposing factors are absent. They are exposed
only to flooding; sizable damage is not expected since the water level (several cm) will probably
be low and only fine-grained material and mud should be contained in the flood water.

5. Conclusions

Flood susceptibility assessment in a piedmont area can be carried out by means of geomorpho-
logical studies at different scales according to the extent of the area affected and the accuracy
of the available data. Geomorphological mapping integrated with field surveys, remotely
sensed data and historical analysis may be considered an efficient tool to predict potentially flood-
able areas for future events.

Small- and medium-scale maps can be considered for preliminary analysis. They provide impor-
tant information for large areas, and allow identification of zones which need in-depth investigation.
Larger scale maps allow zoning of even small areas, and provide accurate information for decision-
makers called upon to plan hazard management. In general, geological and gemorphological the-
matic maps may be very useful in the hazard planning of a piedmont area and may represent the
first step for further studies, mainly for hydraulic purposes, to define models of flow propagation.
Such models will have to take into account the presence and state of hydraulic features and their
interaction with urban infrastructure, particularly the distribution of buildings and street orientation.

Software

DTMs and spatial analyses of DTMs were performed using Esri ArcMap10, using the Spatial Analysis
Toolbox. The final layout was created with CorelDrawX5.
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