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ABSTRACT: MORA P., GUALDRINI M. & FABRIS M., Photogrammetric
DEMs and spatial analysis techniques in landscape evolution studies. (IT
ISSN 1724-4757, 2005).

The comparison of multitemporal Digital Elevation Models (DEMs)
of the same area is a powerful tool in an integrated approach for study-
ing Earth surface features and their evolution. At the same time, the dif-
ferences in the techniques used to generate different datasets and the
presence of artefacts constitute an important problem that must be
solved in order to allow a meaningful study of the geomorphologic evo-
lution of the area.

Geographic Information Systems (GIS) tools can be of great help in
this approach, allowing users to obtain significant morphometric parame-
ters from co-registered DEMs and giving at the same time the possibility
to estimate artefacts in the datasets, to evaluate differences between
ground surfaces in the different years and to validate results through geo-
statistical processes.

In this study photogrammetry has been applied to extract multitem-
poral DEMs datasets of a hydrographic basin affected by landslides
(Bologna, Italy) and GIS techniques have been used for morphologic en-
quiry on the test site.

A time series of stereo digital images, derived from aerial photogram-
metric surveys (1976, 1986, 1988 and 1993), was analysed and processed
for obtaining high spatial resolution DEMs through softcopy photogram-
metric techniques. DEMs accuracies, strictly related to the quality of im-
ages, to the adopted systems and strategies and to the morphologic fea-
tures of the test area, were estimated.

The analysis of the derived data in a GIS environment allowed the
generation of correction maps and shaded relief maps for each dataset,
evidencing various types of 3-Dimensional (3-D) artefacts in the models.
After appropriate filtering of data, in order to make datasets comparable,

geomorphologic features of the site were studied by means of 3-D raster
analysis techniques. GIS functions were applied to the DEMs in order to
display morphometric parameters for each dataset (elevation, slope, as-
pect, curvature) and to compare the ground surfaces, generating differen-
tial elevation maps for the whole of basin.

Generally, differential movements inside the landslide areas in the
basin appear to be comparable to the movements of the whole of basin in
the considered time span: these differences must otherwise be weighted
and validated, considering the accuracy of the different datasets and the
limits of these comparison techniques.

KEY WORDS: Landscape evolution, Digital Elevation Models, Digital
photogrammetry, Geographic Information Systems, Spatial analysis.

INTRODUCTION

A Digital Elevation Model (DEM) is a digital represen-
tation of continuous variation of ground relief over space
(Burrough, 1986; Burrough & McDonnel, 1998). DEMs
provide a description of the physical surface of the Earth
and represent a powerful tool for many applications. In
particular, DEMs have been useful with respect to the
mapping of morphologic variations and areas involved in
crustal deformations, the study of induced gravitative in-
stability phenomena and the control of eruptive events
(Achilli & alii, 1997; Kääb & Funk, 1999; Baldi & alii,
2000; Baldi & alii, 2002; Mora & alii, 2003; van Westen &
Lulie Getahun, 2003) show the importance of multitempo-
ral DEMs datasets (Pesci & alii, 2004).

DEMs can be extracted by applying selected method-
ologies based on specific surveying approach like aerial
and terrestrial photogrammetry, kinematic Global Posi-
tioning System (GPS), airborne and terrestrial laser scan-
ning and Interferometric Synthetic Aperture Radar (In-
SAR) systems (Pesci & alii, 2004).

DEMs come in different scales and resolutions and are
organized as ordered arrays of regularly gridded numbers
representing terrain elevations for ground positions. Inter-
nal accuracy is related to the survey method, field working
conditions and depends on the quality of data, morpho-
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logic features of the measured area and on the systems and
strategies adopted for data management and processing.

In fact, DEMs often present terrain elevation errors
due to problems encountered during data collection and/or
handling and/or processing. Complete error elimination 
is difficult to plan and achieve, although several methods
for correction of these errors have been developed and
improved.

The availability of stereo aerial photo coverage of the
whole of Italy since the 1950’s allows us to generate 3-D
datasets essential for the assessment of morphological
changes which occurred over the last 50 years. Time se-
quences of multiscale aerial photogrammetric surveys per-
formed over the same area represent a powerful tool for
obtaining reliable information.

Using standard procedures, elevation difference time
series between DEMs, characterized by comparable model
accuracy, can be calculated (Pesci & alii, 2004) in order to
monitor surface deformations, to detect morphological
changes and to evaluate mass volumes involved in differ-
ent events (Mora & alii, 2003). Different DEMs need to be
registered in a unique spatial reference system. The co-reg-
istration of different DEMs can be obtained through
ground control points or surface matching procedures (Pil-
grim, 1996; Mitchell & Chadwick, 1999; Li & alii, 2001).

Geographic Information Systems (GIS) offer the possi-
bility of managing DEMs in a useful way. In particular, the
different elevation datasets, together with other geograph-
ic data (raster images, orthophotos, vector and raster to-
pographic bases, vector and raster land cover data with
database attributes, 3-D points, labels) can be treated in
the same georeferenced system. This allows overlay, direct
query and comparison and to approach data analysis in an
integrated way. This approach makes it possible to analyse
data keeping a global view on the area and on the phe-
nomena of interest.

The analysis can be conducted using several methods
to evaluate different parameters directly available in the
DEMs or derived through simple or complex algorithmi-
cal operators.

Many geomorphologically significant variables, such as
slope distribution, surface convexity and drainage, can be
automatically extracted and compared each other and with
other geographic data to obtain new informations and
modelizations of the landscape evolution processes, pro-
viding an understanding of these processes in qualitative
and quantitative terms (Pike, 1995; Longley & alii, 2001;
Arrel, 2002).

Results are directly related to the dataset accuracy and
scale: it is impossible to obtain information with a general
accuracy higher than that of the original data. Further-
more, as landforms and processes are scale-dependent
(Schumm & Lichty, 1965), the choosing of an appropriate
work scale is important for obtaining significative results
for the investigated processes.

In this study multitemporal DEMs datasets, extracted
by means of digital aerial photogrammetry on the test
area, have been checked and managed with spatial analy-
sis techniques.

GEOLOGICAL SETTING AND MORPHOLOGIC
FEATURES

The study area is located in a hydrographic basin af-
fected by landslides in the Reno River basin (Northern
Apennines of Italy). The Northern Apennines are a moun-
tain chain formed by fold-and-thrust belts, thrust sheets
and nappes, in general verging toward NE. They devel-
oped during the continuous convergence between the Eu-
ropean and the Adriatic plates (Elter & alii, 2003; Regione
Emilia-Romagna, 2004, and references therein).

Two main tectonics units, mostly corresponding to
different paleogeographic domains, have been recognized:
the Tuscan-Umbria-Romagna units and the Ligurian nappe.
The Tuscan-Umbria-Romagna units are the deepest struc-
tural units and share a common stratigraphy, from Upper
Triassic evaporites, to Jurassic-Cretaceous carbonatic suc-
cession, up to Oligocene-Upper Miocene foredeep tur-
biditic deposits (Macigno, Mt. Cervarola Sandstones, Mt.
Falterona Sandstones, and Marnoso-arenacea Formation)
(see, among many others, Vai, 2001, and references the-
rein; Pini & alii, 2004; Regione Emilia-Romagna, 2004).
They have been organized as structural units and are inter-
nally deformed by several deformation phases of Oli-
gocene, Miocene, Pliocene and Pleistocene ages (Vai &
Castellarin, 1993; Cerrina Feroni & alii, 2002).

The Ligurian nappe is the uppermost structural unit
and its basal contact upon the Umbria-Romagna units is
evident along the «Sillaro line». It is composed by Subligu-
rian, Ligurian and Mesoligurian units. The Ligurian units
are made up by Middle Jurassic ocean crust (ophiolites)
and Upper Jurassic-Middle Eocene deep marine sediments
(Pini & alii, 2004). A sequence is recognizable in the latter
with clayey complexes hosting calcareous and siliciclastic
turbidites in the lower part (Palombini Shale, Varicolour-
ed Shale, Ostia and Scabiazza Sandstones) and thick tur-
biditic successions, known as «Helminthoid flysches», in
the upper part (Bortolotti & alii, 2001; Elter & alii, 2003;
Pini & alii, 2004; Regione Emilia-Romagna, 2004).

The Subligurian units derive from deformation of
stratigraphic units deposited onto a thinned continental
margin close to Ligurian oceanic domain and are mainly
constituted by Paleocene-Middle Eocene shaly calcareous
turbidites («Canetolo complex») (Regione Emilia-Roma-
gna, 2004).

The Mesoligurian units (Calvana and Sillaro units,
«Modino basal complex»), representing an intermediate
paleogeographic domain between the Subligurian and Li-
gurian ones, are characterized by stratigraphic features in-
termediate between the Subligurian and the Ligurian units
and shared the same structural evolution as the Ligurian
units in eoalpine and mesoalpine tectonic phases (Cerrina
Feroni & alii, 2002; Pini & alii, 2004).

The overthrust of the Ligurian nappe onto the Tuscan-
Umbria-Romagna units continued from upper Aquitanian
to Lower-Upper Pliocene. A thick lithostratigraphic suc-
cession has been deposited onto the Ligurian nappe in the
so-called satellite or piggy-back basins (Ori & Friend,
1984; Ricci Lucchi, 1986). In the geological literature these
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sedimentary sequences, characterized by prevailingly ma-
rine sediments (Monte Piano, Ranzano, Antognola, Bi-
smantova, Termina and Gessoso-solfifera Formations) and
deposited from Middle Eocene to Lower Messinian, have
been referred to as Epiligurian succession (Ricci Lucchi,
1986).

The emplacement of the allochthonous complex (Li-
gurian nappe) at the Apennines-Po Plain border occurred
in the Pliocene and in some cases the Pleistocene. Along-
side the main divide of the chain, the geometric relation-
ships described above have been cut and overturned by
out-of-sequence overthrusts, starting from the Upper
Miocene-Lower Pliocene up to the Middle Pleistocene. An
important phase of normal faulting related to crustal ex-
tension characterized the south-western part of the chain
(facing the Tyrrhenian Sea) (Carmignani & alii, 2001;
Martini & alii, 2001, and references therein). This exten-
sional tectonics is now active alongside the Apenninic wa-
tershed and is extending towards the Po Plain. The actual
Apennine front is now buried by the alluvial deposits of
the Po plain (Pieri & Groppi, 1981).

A large part of the Subligurian, Mesoligurian and Li-
gurian units at the latitude of Bologna has been long con-
sidered in the geological literature as chaotic assemblages
of rocks of uncertain, and therefore strongly debated, ori-
gin (see Cowan & Pini, 2001, and references therein).
These rock units, referred to as «argille scagliose» («scaly
clays») and later as «caotico eterogeneo» or «complesso
caotico» («Chaotic Complex») are characterized by a pre-
vailing block-in matrix texture. Moreover, a thick weath-
ered carapaces and the cover of recent mudflows tend to
homogenize the feature of the rocks and to give a com-
mon, chaotic aspect.

More recent studies (Bettelli & Panini, 1989; Castella-
rin & Pini, 1989) pointed out that the «argille scagliose»
can be subdivided in two distinct group of rock units/bod-
ies: 1) broken to completely disrupted formations, which
have been strongly deformed as a consequence of intense
continuous tectonic stresses, but which still maintain their
lithostratigraphic identity (tectonosomes, Pini, 1999), and
2) deposits by debris flows and avalanches related to both
the Epiligurian and the Ligurian/Mesoligurian units (argil-
laceous breccias, or olistostromes, Bettelli & Panini, 1992;
Pini, 1999).

The main morphologic features change substantially in
relation to the geological and physical characteristics of
the terrain. The most important variations are associated
with the evolution of the slopes. In fact, the sandstone out-
crops (i.e. Macigno, etc.) are characterized by steep slopes,
while the clayey formations (i.e. Subligurian and Ligurian
Units, etc.) present lower acclivity with more gentle hilly
aspect.

The Subligurian and Ligurian Units (Palombini Shale,
Varicoloured Shale, «argille scagliose» Auctt.) and the
sedimentary breccias of the Epiligurian succession are af-
fected by the largest number of landslides. This situation
depends mainly on their chaotic structures and on the
predominance of clayey materials with low shear strength
values.

In the Emilia-Romagna region, where landsliding ap-
pears to be an important process of past and present mor-
phologic evolution, over 32000 landslides bodies have
been recognized. Twenty-six percent of them had activity
between 1982 and 1995 (Regione Emilia-Romagna, 1999;
Regione Emilia-Romagna, 2004) with velocities varying
from slow to rapid according to Cruden and Varnes’s clas-
sification (Cruden & Varnes, 1996).

Many are «complex» landslides (according to the
Working Party on World Landslide Inventory classifica-
tion, WP/WLI, 1993a; WP/WLI, 1993b), with a «style of
activity characterized by the temporal succession of differ-
ent mechanisms». In fact these landslides are mainly char-
acterized by multiple retrogressive rotational-translational
slides in the upper sector, subsequently evolving in earth-
flows with an increase of internal deformation.

The majority of these phenomena have to be consid-
ered as «reactivated landslides» (WP/WLI, 1993a; WP/
WLI, 1993b). The cause of their reactivation can be relat-
ed to periods of intense or prolonged rainfalls and, in
some cases, with snowmelt in the spring (Bertolini & Pel-
legrini, 2001). Real-time monitoring reveals that water
pressure increases as a consequence of direct infiltration
from the surface during the wet season (Simoni & alii,
2004).

TEST SITE

The study basin, located 40 km South of Bologna, on
the western side of the Reno River basin, extends for
about 2.5 square kilometres with an average slope of about
13 degrees: a 3-D perspective view of test site and sur-
rounding area is shown in figure 1.

The land cover consists mainly of agricultural areas
(heterogeneous agricultural areas), forests and semi-natur-
al areas (forests, shrub and/or herbaceous vegetation asso-
ciations, open spaces with little or no vegetation), while ar-
tificial surfaces (urban fabric) characterize a small portion
of the site (McGwire & Estes, 1991; Bossard & alii, 2000;
EEA, 2001).

The area is characterized by the presence of clay soils,
derived from deep weathering of the bedrock and made of
stiff and highly fissured mudshales (Palombini Shale and
Varicoloured Shale).

A significant portion of the hydrographic basin is af-
fected by erosion processes related to runoff in addition to
instability phenomena.

The main landslide body at Rocca Pitigliana affects the
central-lower sector of the hydrographic basin, extending
for more than 35000 square metres. The first historical in-
formation about this landslide dates back to March 6th
1934, when several buildings were destroyed. Further reac-
tivations, generally starting with small roto-translational
movements in the crown area, subsequently evolving in
earthflows, occurred in 1939, 1965, 1994, 1999. Following
the last parossistic event (1999) that caused the interrup-
tion of the main road, the public administration planned
emergency intervention aimed at correcting the local hy-
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drogeological instability and erosion and prepared the
slope for permanent consolidation. Several inclinometers
and piezometers were installed in the landslide body to
monitor deformations and groundwater levels. They indi-
cate a slip surface located between 6 and 11 m depth from
the surface where post-failure deformation intermittently
progresses. The headscarp was partly reactivated in March
2004 by means of retrogressive slidings. In 2003-2004 a
drainage system made of longitudinal and transversal trench
drains (up to 7 m deep) and surficial sewers was established
along the slope. The landslide body was also smoothed to
improve runoff and prevent rainfall infiltration.

Near the end of 2002 an experimental site was installed
close to the landslide headscarp, whose morphology and
sub/surface water circulation scheme were unaffected by
human intervention. Pressure sensors, tensiometers, soil
moisture sensors and a raingage were installed and are still
working. The automatic monitoring of rainfall and pore
pressure response in both saturated and unsaturated soils
is providing valuable experimental data used for defining
the subsurface flow field and for relating slope movements
to rainfall events. A wire extensometer, installed in Octo-
ber 2002 and still in operation, allows detecting possible
failures.

Permanent GPS stations were installed during Decem-
ber 2002. They provide continuous observation of land-
slide surficial movement. The result of this observation
(ended in March 2004) has given a quite null surficial ve-
locity (0.56 +/– 0.13 cm/yr).

GPS kinematic surveys, terrestrial laser scanning and
photogrammetric campaigns were conducted for obtaining
high accuracy DEMs of the area. Aerial photogrammetric
techniques were also extensively applied to obtain multi-
temporal datasets of the whole hydrographic basin.

ADOPTED METHODOLOGIES: GENERALITIES

Digital aerial photogrammetry

Photogrammetry is defined as «the art, science, and
technology of obtaining reliable information about physi-
cal objects and the environment» (Thompson & Gruner,
1980; Chandler, 1999) by means of photographs or im-
agery stored on tape or disk taken by electronic means.
Products are represented by point coordinates, graphic
and/or numeric maps and rectified images (Thompson &
Gruner, 1980). Digital photogrammetry applies the same
principles and methods as traditional analogic photogram-
metry (Kraus, 1993; Kraus, 1997) and represents an effi-
cient and precise means for the automatic generation of
DEMs.

During aerial photogrammetric missions images are ac-
quired using full precision mapping cameras, either tradi-
tional cameras that use film to capture and store images or
digital cameras (Janesick, 2001; Cramer, 2004; Ferrano &
alii, 2004; Ziemann & Grohmann, 2004) that use line sen-
sors or array sensors.

FIG. 1 - 3-Dimensional perspective
view of test site (approx. 2.5 square
kilometres) and surrounding area

based on 1976 data.
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In order to be used for digital photogrammetric appli-
cations, aerial photographs exposed in a traditional cam-
era have to be translated into digital format by using radio-
metrically and geometrically precise scanners; the most ap-
plied methodology to perform this operation is to scan
from diapositive transparencies by using so called pho-
togrammetric scanners which transform each photograph
into a digital form.

Softcopy workstations, today also employed as mapping
instrumentation, perform precise photogrammetric proce-
dures (Shenk, 1999; USACE, 2002): orientation processes
(interior, relative and absolute orientation and aerial trian-
gulation); stereomapping; production (DEM generation, or-
thophoto computation, planimetric features extraction, per-
spective views preparation, raster images production).

The digital photogrammetric procedure starts from im-
age orientation (Ackermann & Schade, 1993; Hellwich &
alii, 1994; Tang & Heipke, 1996; Heipke, 1997; Dowman,
1998). During stereo model set up, models must be georef-
erenced to the ground for measuring or mapping using
well defined ground control points, unambiguously identi-
fiable in the images (natural and/or artificial points). Typi-
cally, aerotriangulation methods are utilised «to extend
the field surveyed horizontal and vertical control to a net-
work sufficient to set up each stereomodel within the
study area» (USACE, 2002).

The stereomapping process provides substantially plani-
metric features, contour lines and DEM data. During this
process, the operator, observing a single 3-D model on the
monitor screen, guides the reference mark over the surface
of the stereomodel by using a cursor and can register the
observed points.

The processing of stereo digital images can be automat-
ed using digital image correlation. This process amounts
fundamentally to a direct comparison of patches of pixels
on conjugate images or to an indirect comparison of in-
formation derived from the digital images (Ziemann &
Grohmann, 2003). Image matching procedures, based on
well-defined comparison techniques related to shape and
grey/colour levels in the corresponding zones of the im-
ages are employed (Heipke, 1995; Kraus, 1998; Mora &
alii, 2003). The application of digital image processing us-
ing matching algorithms based on different techniques can
provide a large number of 3-D points at a specified cell
size. High spatial resolution DEMs can be generated (Ack-
ermann, 1996; Bacher, 1998; Karras & alii, 1998). Digital
photogrammetric systems can provide for some accuracy
indicators, although global accuracy indicators generally
give values that are too optimistic and quality indicators
for each grid point may not give reliable information (Balt-
savias & Käser, 1998). To improve accuracy of calculation,
the operator can conduct point measurement activities on
the stereo images; it is possible to introduce interactively
necessary informations and/or corrections to the model by
collecting planimetric (roads, etc.) and topographic fea-
tures (lines of equal elevation - contours, break lines and
single height points) to ensure that the vertical location of
all points is on the earth surface at the specified location
(USACE, 2002).

The final accuracy of digital photogrammetric process-
es depends mainly on the camera-object distance, on the
image quality and on the pixel dimension; other factors af-
fecting the final accuracy of the digital products are the
presence of shadows, water bodies, snow fields, the mor-
phology and the land cover of the surface (Achilli & alii,
1997; Baldi & alii; 2000; Mora & alii, 2003). Certainly, a
key role in the automatic processing of the digital images is
played by the correlation algorithm that can work at sub-
pixel level.

Spatial analysis techniques and Geographic Information 
Systems

Spatial analysis techniques applied to geomorphologic
fields are designed to describe the landscape evolution
processes in a quantitative way, allowing an objective mul-
titemporal analysis of shapes. For this purpose, it is neces-
sary to operate a parameterisation of the physical surface
(Speight, 1974; Evans, 1988) that can be intended as the
numerical description of continuous surface form (Pike,
1993) or, in a more closely geomorphologic sense, «a set 
of measurements that can describe topographic form well
enough to distinguish topographically disparate land-
scapes» (Pike, 1988). Terrain modelling and ground sur-
face quantification by means of numerical models are of
great help for obtaining this parameterisation (Pike, 2000).

A digital model of the land describes the topographic
field as a surface developed in a 3-D coordinate system
through the identification of known coordinate points
(Pfaltz, 1976): these points can be evenly distributed or
scattered in a non-homogenous pattern. If the points are
irregularly distributed, the numerical surface can be easily
described by irregular triangles that connect the points:
this surface is called Triangulated Irregular Network
(TIN) (Peucker & alii, 1978; Fowler & Little, 1979). If the
points are evenly distributed with a fixed distance in x-y
plane, the terrain is well described by a regular grid char-
acterised by square cells (Neteler & Mitasova, 2004). In
both cases, the model is defined as a 2.5-Dimensional (2.5-
D) model; it is represented by a two dimensions surface,
composed by planar elements that develop in a 3-D space
without thickness and volume (Turner, 1997). The use of a
2.5-D model is appropriate for the analysis of surface char-
acteristics in geomorphologic fields, as the attention is par-
ticularly focused to the surface as a bi-dimensional plane
developed in three dimensions.

In order to use the earth surface model in an effective
geomorphologic analysis, appropriate and geomorphologi-
cally significant parameters must be derived (Evans, 1972;
Collins, 1975; Evans, 1981; Gardner & alii, 1990). In par-
ticular, these parameters have to be functions not only of
geomorphologic shapes but also of geomorphologic pro-
cesses (Wood, 1996a).

The chosen parameters have to be associated with each
element of the model (each triangle for a TIN and/or each
cell for a grid) (Kumler, 1994).

Furthermore, it is advisable that the surface parameters
are small in number, allowing them to be used in the wider
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range of cases and containing at the same time the most 
of information possible (Wood, 1996a). In particular, five
terrain parameters (Evans, 1980) that can be always de-
fined for a continuous 2.5-D surface, can be assumed as
significant: elevation; slope; aspect; profile convexity; plan
convexity.

Elevation can be defined as the distance, measured on
the z axis, of a point above or below a reference surface or
datum (generally mean sea level): this is the basic informa-
tion that constitutes the earth surface model (ESRI, Inc.,
1996).

Slope is the steepness of a surface. On a TIN surface,
the slope is, for each triangle, the slope of the plane de-
fined by the triangle; on a grid surface, the slope for each
cell is the steepest downhill slope of a plane defined by the
cell and its eight surrounding neighbours. Slope can be
measured in degrees from horizontal (0°-90°) or percent
slope. Mathematically, slope is referred to as the first de-
rivative of the surface (ESRI, Inc., 1996).

Aspect is defined as the direction in which a slope or
surface faces, especially in the context of exposure or inso-
lation. Aspect can be calculated by many GIS software
packages and is usually expressed in degrees relative to
North: for example North is 0 degrees, and South is 180
degrees (Krzanowski & alii, 1995).

Profile convexity and plan convexity are related to cur-
vature of the terrain. Mathematically, convexity is referred
to as the second order derivate of the surface. In order to
evaluate this parameter, measures must be derived on an
intersecting plane, reducing the expression to an ordinary
differential one (Wood, 1996a). There are several convexi-
ty or curvature parameters that can be evaluated, depend-
ing on the orientation of the intersecting plane.

In profile convexity, the second order derivate of the
surface is calculated on the intersection of the surface with
the plane passing for z axis and aspect direction: this para-
meter describes the rate of change of slope in profile. In
plan convexity, the second order derivate of the surface is
calculated on the intersection of the surface with the x-y
plane: so, this parameter describes the rate of change of
slope in plan (Wood, 2004).

Generally, these parameters can be easily estimated,
managed and compared if the terrain surface model is
built on a regular structure; therefore, the use of a raster
grid provides results that are very suitable.

A comparison between the elevation in the different
times can be simply obtained, defining different grids with
cells of the same size for different temporal instants, by
means of an algebric sum between the various 2.5-D sur-
faces; the result is represented by a map of variations on
the z axis along time. In the same way, the estimation of
volume variations can be obtained considering the volume
enclosed between two 2.5-D surfaces, representing two
considered instants in time.

The acquisition process of elevation data is performed
through different methods that operate a discretization of
the continuum. In several cases raw data are irregularly dis-
tributed and the grid generation procedure (gridding) is
obtained through an interpolation that can introduce an al-

teration of the sampled data (Lam, 1983). This factor must
be considered and kept under control during the different
steps of morphometric analysis in order to avoid errors or
estimations without statistical significance (Guth, 1992).

Important variables to be considered are the data detail
and the scale at which the parameterisations have been 
executed (Church & Mark, 1980; Chang & Tsai, 1991;
Carter, 1992). Sampling window size and interpolation
method can also influence the analysis and the results,
leading to incorrect conclusions. Therefore, the choose of
an appropriate analysis scale and the use of parameterisa-
tion methods that take into account the dependency of
shapes from the DEM resolution are very important
(Wood, 1996b; Wood, 1998). Sensitivity analysis tech-
niques, which check how a given parameter reacts to the
variation of another parameter, can be used for this pur-
pose (Hamby, 1994; Arbia & alii, 1998).

The management of multitemporal grids representing
the same area is extremely simplified by the use of GIS
systems. A Geographic Information System is an informa-
tion management system of geographically referenced da-
ta. The system, based on hardware and software, provides
tools for displaying, manipulating and analysing spatial da-
ta from many sources in an integrate way (Burrough, 1986;
Neteler & Mitasova, 2004). Data are of two different
types: data with a geographic position and/or extension,
and alphanumeric data, usually the attributes of the geo-
graphic data. The geographic data are usually derived
from remote sensing, aerial photogrammetry, field surveys
or paper cartography. The alphanumeric data, descriptive
of particular features or parameters, are associated with
specific geographic objects and as such get a geographic
position in the system.

Database software manages the relations between the
geographic/spatial and alphanumeric datasets. Usually, in-
formation is grouped into layers of homogenous datasets,
defined by a unique set of attributes (categories or fields of
the database). GIS analysis helps identifying relationships
between separate but overlapping layers of information:
spatial relationships (proximity, connection, crossing, if an
object contains another or is within another, etc.) are con-
sidered and the topology of the features is managed by
specific functions and tools (Verbyla, 2002).

The management of geographic information can be ob-
tained in different ways, especially when information that
has a shape on the terrain is considered. Geographic fea-
tures can be described in software as vectors representing
their edges or as rasters subdividing the whole of area in
cells of fixed size and giving an attribute for each cell. A
vector model shows where features occur and gives a loca-
tion to every object, drawing its shape as defined by
points, lines or polygons (defined by x, y coordinates in
space). A raster model shows what occurs everywhere and
assigns a value to each place in the area. Raster models
could represent a point as a single cell, a line as a continu-
ous series of cells, and a polygon as an area of continuous-
ly touching cells (NOAA, 2004).

The two different methods of information management
are both effective, but each one can be more useful in a



69

specific application field. Vector based tools are more ef-
ficient in managing quantized and discrete geographic in-
formations (single points, edges, etc.), while raster based
tools can describe more easily parameters that change with
continuity in space, without sharp transitions (density of a
value, distribution of a parameter, variation of morpholog-
ic surface are among these kind of data). Raster GIS cover-
ages also allow analytical comparisons between different
parameters on the same area simply by comparing for each
cell of the coverage different attributes in the same cell.
Usually, the most used estimation functions of the quoted
morphometric parameters are software standard tools,
while more complex parameters can be evaluated with the
use of analytic functions, providing the possibility of deriv-
ing new information (Dymond & alii, 1995).

MATERIALS AND METHODS: TEST SITE
INVESTIGATION

DEMs generation and checking

The Rocca Pitigliana site has been investigated using
four aerial photogrammetric surveys performed in 1976,
1986, 1988 and 1993 (tab. 1).

TABLE 1 - Principal characteristics of the photogrammetric data

Characteristics 1976 survey 1986 survey 1988 survey 1993 survey

Aerial photogrammetric camera
RMK A RMK A
15/23 15/23

RC 10 RC 20

Focal length (mm) 153.15 153.33 153.26 153.20
Mean image scale 1:17000 1:37000 1:34000 1:36000
Resolution (dpi) 2116 2116 2116 2116

Pixel dimension (mm) 12 12 12 12
Ground pixel dimension (cm) 20 45 41 44
Ground control points number 9 7 9 10
Tie points RMS: E; N; H (cm) 0.8; 1.3; 1.9 0.3; 0.4; 0.3 0.1; 0.1; 0.2 0.1; 0.6; 0.5
Ground control points RMS:

E; N; H (cm)
9.0; 10.8; 2.9 4.5; 7.0; 4.8 4.2; 5.3; 2.1 4.8; 5.8; 1.2

DEM cell size (m) 1 1 1 1
DEM grid size 1526x1641 1166x1212 1503x1484 1647x1526

Images were analysed using Wehrli and LH Systems
photogrammetric systems.

Multi temporal images were scanned using the Wehrli
Raster Master RM2 at a resolution of about 2116 dpi,
which results in a pixel size of 12 mm (tab. 1) correspond-
ing to a ground pixel dimension ranging from twenty
(1976 survey) to forty-five centimetres (1986 survey) (tab.
1) (Wehrli & Associates, Inc., 2000). The imagery was
characterised by good quality. Four diapositive trans-
parencies of the earliest two surveys (1976 and 1986), al-
though affected by some imperfections, were of a quality
that produced images suitable for the intended purpose.

Digital images were processed by means of the Digital
Photogrammetric Workstation (DPW) 770 Helava using
the LH Systems SoftCopy Exploitation Tool Set (SOCET

SET) software (Helava, 1988a; Helava, 1988b; Dowman &
alii, 1992; Heipke, 1995; LH Systems, LLC, 1999) release
5.0. This software, designed to support image-based soft-
copy applications, provides friendly image exploitation
tools and supports the generation of data-bases and prod-
ucts such as reports, DEMs, vector databases, orthopho-
tos, image maps and image mosaics (Mora & alii, 2003).

Images were oriented using well defined ground con-
trol points (natural points), unambiguously identifiable in
the whole image blocks and located in stable areas. The lo-
cations of the points, essential to orientate images and not
available a priori, were surveyed to centimetre accuracy
with GPS static surveys providing the same common refer-
ence system for co-registering all the models.

An internal bundle adjustment program, allowing ad-
justment of image parameters, was used to perform the
aerial triangulation of the blocks of images. Root mean
square of residuals of control points ranged from a few
centimetres to several centimetres for the considered aerial
photogrammetric surveys (tab. 1).

The image correlation module (Automatic Terrain Ex-
traction, ATE) was used for DEMs generation. Several tri-
als were conducted applying available methods (Adaptive
ATE and Non-Adaptive ATE). A number of multitempo-
ral test DEMs at variable resolutions (1 m, 2 m and 4 m
cell sizes) were computed for several selected zones using
different strategies (Bacher, 1998; Felicísimo & alii, 2004).
In order to check the resulting matching accuracies, com-
parisons with reference datasets of the selected zones
(check point data) were performed (Baltsavias & Käser,
1998; Baltsavias & alii, 2001; Gooch & Chandler, 2001).
On the basis of findings, the adaptive method was selected
and regular spaced (1x1 m) grid DEMs of the whole hy-
drographic basin were automatically extracted. The auto-
matic correlation algorithm works at sub-pixel level, even
for 1/3 pixel, and a DEM accuracy ranging from forty
(1976 survey) to eighty centimetres (1986, 1988 and 1993
surveys) can be achieved (Baldi & alii, 2000).

The Helava Digital Photogrammetric Workstation 770
computes the so-called Figures Of Merit (FOM), numeri-
cal values assigned by the terrain extraction process to
each grid point. These values are used to estimate the cor-
relation quality and consequently the resultant height
quality (Baltsavias & alii, 1995; Baltsavias & alii, 2001).
FOM are not reliable measures of the matching accuracies;
they represent a quality criterion and are proportional to
the correlation coefficient (the larger the numerical value,
the better the measurement). Ordinarily, FOM numbers
equal or greater than 33 point out successful automatic
correlation (LH Systems, LLC, 1999), while posts charac-
terized by a FOM number less than 33 are considered to
be poor (Baltsavias & Käser, 1998).

The percentages of points with poor FOM were differ-
ent for the considered surveys: 51.91% for the 1976 sur-
vey; 55.87% for the survey performed in 1986; 34.40% for
the 1988 survey; 21.94% for the 1993 survey (tab. 2). The
mean values of FOM were the following: 43.68 for 1976
dataset; 35.20 for 1986 one; 51.28 for 1988 dataset; 66.83
for 1993 dataset. FOM planimetric distribution for each
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automatically generated DEM dataset has been represent-
ed with relative range maps (fig. 2a).

The stereo-operator checked the automatically generat-
ed DEMs and performed several editing operations for in-
creasing the accuracy of the calculation; these actions have
been accomplished to establish the height of points on the
earth surface with maximum accuracy.

Editing was extensively performed on the models. Areas
characterised by the presence of points with poor FOM
were inspected and stereoscopically remeasured by visually
adding breaklines and contour lines. Point measurements
activities were also conducted on other parts of the models
not exactly correlated by the ATE. The creek and the roads
were edited out and, for obtaining final photogrammetric
models representing the bare earth surface, a bridge over
the Marano Creek, the buildings and the trees/forest were
removed. The stereo operator introduced interactively mea-
surements by comparing the automatically generated DEM
with the stereoscopic model, collecting contours and break
lines and measuring the ground coordinates of single points.

An estimation of height corrections for each survey
was performed, comparing elevation values of automati-

cally extracted DEMs and the correspondent values of
edited DEMs. The resulting range maps, represented in
figure 2b, show the planimetric distributions of height
corrections.

Comparative analysis of the range maps (FOM pla-
nimetric distributions of automatically generated DEMs
datasets and height corrections planimetric distributions)
for each survey was conducted. Most of the editing was
carried out in areas characterised by a presence of points
with poor FOM; however, both minor and major height
corrections were also introduced in posts characterized by
FOM numbers equal or greater than 33.

Edited DEMs were loaded in the ArcView 9 GIS with
ArcGIS 3d Analyst extension (ESRI, Inc., 2004).

Models were represented in shaded-relief (Yoeli, 1967;
Brassel, 1974) by applying artificial illumination to the ter-
rain, generating shading according to the surface morphol-
ogy (smoothness or roughness). Resulting planimetric
maps (fig. 3) show that some areas are affected by the
presence of several morphologic artefacts (steps, terraces,
geometrical ridges) characterised generally by an elevation
component similar to the expected accuracy and a plani-
metric extension of several times the cell pitch; these fea-
tures, not referred to natural processes, can be ascribed to
problems associated in data collecting and/or managing
and/or processing.

Comparisons between artefact trends and planimetric
distributions of either FOM and height corrections were
performed for each survey by means of topological over-
lay. Systematic interdependences were not established
from data analysis. Maps of the comparisons are shown 
in figure 4.

TABLE 2 - Principal characteristics of the Digital Elevation Models

Characteristics
1976 1986 1988 1993
DEM DEM DEM DEM

DEM points number 1287290 801190 958402 1167698
Points with FOM < 33 (number) 668219 447670 320111 668219

Points with FOM < 33 (%) 51.91 55.87 34.40 21.94

FIG. 2 - a) FOM planimetric distributions (UTM coordinates) of automatically generated DEMs datasets; b) Differential elevation maps (UTM 
coordinates) obtained by comparing datasets: automatically generated DEMs and corresponding edited DEMs (bare earth surface models).
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DEMs filtering and comparison

Multitemporal DEMs (1976, 1986, 1988 and 1993), ex-
tracted by means of digital aerial photogrammetry on the
Rocca Pitigliana study area and co-registered, have been
analysed with spatial analysis techniques. In order to re-
duce the effects of evidenced artefacts and to allow a nu-
merical comparison of the different datasets, a filtering
method was applied to DEMs to reduce high frequency
structures (noise) while at the same time maintaining the
general morphologic characteristics of the area.

DEM filtering is normally obtained through interpola-
tion of elevation values of cells, using specific algorithms,
i.e. weighted moving average, bicubic splines, kriging and
others (Burrough, 1986; Schenk & alii, 2000; Mitchell &
alii, 2002). Each interpolation technique generates new
values for the grid by averaging the elevation values in a
window around the original cell.

For geomorphologic purposes it is important to note
that the smoothing can significantly modify the morpho-
logic features present in the considered digital model.
These filtering procedures usually generate altered and
smoothed versions of the original data. DEMs accuracies
after the interpolation process can be checked with simple
random sampling, comparing original and interpolated
values in significant areas, or using mathematical methods
that try to identify surface trends or markers (outliers) of
significant errors that deviates so much from the original
data to be identified as errors (Hawkins, 1980; Brovelli &
alii, 1999; Brovelli & alii, 2000; Habib & alii, 2001).

In the present study, the smoothing procedure was ap-
plied to reduce the effect of artefacts in the definition of

each surface model and therefore to allow a multitemporal
DEMs comparison of morphologic shapes. Particular at-
tention was devoted to choosing a smoothing technique
suitable for maintaining the main morphometric shapes at
the work scale. As geomorphologic structures are a func-
tion of representation scale and sampling cell size, a
smoothing threshold for each dataset was defined, below
which no significant shape alteration at the work scale is
introduced. For this purpose, specific functions present in
the open source software Landserf 2.1 (Wood, 2004) were
employed. This surface visualization and analysis software
can handle multiple datasets (DEMs, TINs, vector cover-
ages, etc.) in a georeferenced system. DEMs are stored as
raster grids, and can be interpolated with a quadratic ap-
proximation process. This method can be considered as
suitable and effective due to its capability to model the
surface relying on a relatively low number of data points,
while providing good accuracy in the fit between the mod-
el and the true surface. For each cell of the interpolated
DEM an elevation value is calculated by defining a square
set of cells around the considered one and «fitting the
most appropriate continuous quadratic function through
them» (Wood, 1996a). Landserf can calculate the most
significant morphometric parameters (elevation, aspect,
slope, curvature) on the defined surface in each cell from
the quadratic function on the considered cells set; the larg-
er the number of cells considered for quadratic approxi-
mation, the higher the filtering and smoothing effect on
the DEM. As morphologic structures are scale-dependent,
artefacts can be eliminated using a sufficiently wide sam-
pling window, but, in the case of a window that is too

FIG. 3 - a) Shaded-relief representations of bare earth surface models derived from stereo aerial images; b) details of bare earth surface models 
corresponding to boxes in a).
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coarse, it is possible to significantly alter and smooth ter-
rain shapes.

In order to find an acceptable compromise, i.e. the cor-
rect threshold value to eliminate only artefacts and not im-
portant morphologic features, it is possible to perform a
qualitative sensitivity analysis to check the variation of mor-
phometric parameters on the same areas of the surface,
corresponding to different sampling window sizes, i.e. dif-
ferent smoothing intensities. When, at a given sampling
size, the considered morphometric parameter starts deviat-

ing significantly from the values of the original dataset, it
can be assumed that the scale of smoothing is comparable
to the scale of interesting morphologic features: increasing
the sampling window above that value can result in a dele-
tion of the morphologic detail of the model.

The Landserf Multiscale query function makes it possi-
ble to interactively query the DEM about a specific para-
meter sampling the surface and obtaining the value of the
chosen parameter (aspect, slope, plan curvature, profile
curvature) at different smoothing window sizes and in dif-

FIG. 4 - Comparison overview of artefact trends, FOM distributions and height corrections distributions for the same sectors of photogrammetric
DEMs datasets. a) shaded-relief representations of bare earth surface models; b) FOM distributions; c) topological overlay of shaded-relief representa-
tions of bare earth surface models and FOM distributions; d) height corrections distributions; e) topological overlay of shaded-relief representations 

of bare earth surface models and height corrections distributions.
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ferent areas of the DEM. The result is shown as a diagram
in which the parameters are represented at different sam-
pling sizes.

An overview of the inspected parameters for 1976
dataset (bare earth surface model) is presented in figure 5.
Figure 5a shows a shaded-relief representation of a specif-
ic investigation area (sampling size: 25x25 cells).

Figure 5b shows the variation of aspect parameter us-
ing a quadratic interpolation window ranging from 3x3 to
25x25 cells. Aspect is expressed in degrees from North,
therefore the diagram is a goniometric circle from 0° to
360°, with different circles representing the different sam-
pling sizes; the aspect values for the chosen points are rep-
resented by a curve that connects the values at different
scales. If the curve maintains a constant trend, that is a
constant angle referred to the axis origin (rectilinear shape),
the interpolation at different sampling sizes doesn’t modify
significantly the aspect at that point. This can be interpret-
ed as indicating that aspect is scale-invariant for the given
window sampling size. If an inflection in the curve is
shown at a certain sampling window size, the interpola-
tion, starting from that value, has an influence on the mor-
phometric parameter and on the morphologic structures.
This can be interpreted as showing that they are scale-de-
pendent for the given sampling window. An implication is
that by increasing the interpolation window, it is possible
that some significant terrain structures are erased.

Figure 5c shows the variation of slope parameter: in this
case the value can vary between 0° and 90°. The diagram

presents the window sampling size on the x coordinate and
slope angle on the y coordinate. The interpolated line rep-
resents the slope variation at the different sampling sizes:
like the aspect diagram, important changes in the inflection
of the curve represent significant influences of the sampling
scale on the parameter value, resulting in major deviations
of the interpolated surface from the original model.

Similar diagrams corresponding to plan curvature and
profile curvature are presented in figures 5d and 5e. In
these cases the value represented on the y axis is a dimen-
sionless number, positive in case of convexity and negative
in case of concavity. On the x axis the different sampling
window sizes are represented.

The interactive multiscale query tool was used on the
DEMs to identify critical scale values for morphologic pa-
rameters compared to the smoothing scale: variations were
checked in different and interesting areas of the study site.
The high frequency artefacts generated in the DEM cre-
ation process were filtered, interpolating the original
dataset with the quadratic approximation method and
defining an optimum sampling window size for each data-
set. Appropriate sampling windows can smooth the noise
and maintain the important shapes for the area. In the pre-
sent study the chosen values are: 11x11 cells for 1976
dataset; 17x17 cells for 1986 one; 15x15 cells for 1988
dataset; 13x13 cells for 1993 dataset.

The accuracies of the filtered DEMs were checked
comparing the elevations of filtered datasets with the cor-
responding elevations of non filtered ones: this operation

FIG. 5 - Example of Landserf Multiscale raster query of morphometric parameters on 1976 dataset (bare earth surface model). a) shaded-relief represen-
tation of a specific investigation area: sampling size of 25x25 cells; b) aspect variation diagram at different sampling sizes; c) slope variation diagram at
different sampling sizes; d) plan curvature variation diagram at different sampling sizes; e) profile curvature variation diagram at different sampling sizes.
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was performed in ArcView 9 with the Single Output Map
Algebra function by subtracting the corresponding grids.
The resulting values represent the approximation intro-
duced by filtering procedure. Frequency distribution his-
tograms are presented in figure 6: values closely follow a
bell-shaped curve, suggesting a normal (Gaussian) data
distribution. Classification statistics for datasets are shown
in table 3. The mean values are very close to zero and stan-
dard deviations are in the order of 0.1 m for 1976, 1988
and 1993 datasets, and in the order of 0.2 m for 1986
datasets (1 s): these values are smaller than expected accu-
racies of the photogrammetric models. Therefore, the fil-
tering process does not significantly change the accuracy
of the original datasets and resulting surfaces can be as-
sumed as representative of the bare earth surface models

photogrammetrically derived. Shaded-relief planimetric
maps of filtered DEMs for each dataset (fig. 7) display the
effect of smoothing process on morphologic artefacts and
shapes. Figure 8 shows comparisons between shaded-relief
representations (final photogrammetric models and fil-
tered models) for the same sectors of DEMs datasets.

The filtered DEMs were used in DEMs comparison
process to identify, in the relevant time span, variations 
of the morphologic surface and to analyse the landscape
evolution of the area (Zevenbergen & Thorne, 1987). The
comparisons were performed in ArcView 9, subtracting the
corresponding model elevations; differential elevation maps
between pairs of models (1986-1976, 1988-1986, 1993-
1988, 1993-1976) are shown in figure 9. Classification sta-
tistics for elevation differences are summarized in table 4:

FIG. 6 - Frequency distribution histograms of elevation differences between final photogrammetric models (bare earth surface models) and corre-
sponding filtered models.

TABLE 3 - Classification statistics of elevation differences between final
models derived from stereo aerial images (bare earth surface) and corre-

sponding filtered models

Characteristics 1976 1986 1988 1993

Mean (m) –0.01 –0.08 –0.02 –0.02
Standard deviation (m) 0.11 0.23 0.12 0.12

TABLE 4 - Classification statistics of elevation differences between pairs 
of filtered models (1986-1976, 1988-1986, 1993-1988, 1993-1976)

Characteristics 1986-1976 1988-1986 1993-1988 1993-1976

Minimum (m) –18.55 –10.74 –12.17 –14.18
Maximum (m) 14.04 22.76 7.72 5.99

Mean (m) 0.62 –0.33 –0.65 –0.42
Standard deviation (m) 1.96 1.68 1.15 1.10
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mean values of differences in elevation are in the order of
0.6 m for 1986-1976 comparison, and of –0.5 m for the
other comparisons, while standard deviations range be-
tween 1.1 m and 2.0 m. The highest values of standard
deviations are relative to DEMs comparisons considering
1986 dataset.

RESULTS AND DISCUSSION

Digital photogrammetry has been applied to recon-
struct the detailed morphology of a hydrographic basin af-
fected by landslides and its evolution over a defined time
span (1976-1993).

FIG. 7 - a) Shaded-relief representations of filtered models; b) details of filtered models corresponding to boxes in a).

FIG. 8 - Comparisons between shaded relief representations for the same sectors of DEMs datasets. a) bare earth surface models derived from stereo
aerial images; b) filtered models.
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performed; software and stereo operator editing was used
to edit large amounts of data. Most of these editing opera-
tions have been carried out in areas characterised by the
presence of points with low numerical values of the corre-
lation quality indicator (FOM) for increasing DEMs accu-
racies, although blunders have been detected and eliminat-
ed in other zones.

Edit tools were applied on other parts of the models to
obtain the final photogrammetric DEMs representing the
bare earth surface of the hydrographic basin. Principally,

Aerial images were translated into digital format using
a precision scanner.

Automatic DEMs extraction procedures were per-
formed and checked. Results show that many matching er-
rors occurred in zones characterised by the presence of
low texture, occlusions and/or shadows, surface disconti-
nuities, large perspective differences, steep terrain condi-
tions (points at and/or close to buildings, trees, bridge;
steep slopes; rugged terrains) and water bodies (small
ponds). Significant point measurement activities have been

FIG. 9 - Differential elevation maps between pairs of filtered models (contour line interval: 1 m). a) comparison between 1986 and 1976 datasets; 
b) comparison between 1988 and 1986 datasets; c) comparison between 1993 and 1988 datasets; d) comparison between 1993 and 1976 datasets.



77

editing work was performed stereoscopically in areas char-
acterised by the presence of objects that are not ground
features.

The use of GIS tools and relief shading techniques
has shown the presence of morphologic artefacts in the
edited DEMs. Elevation components of these features
are characterised by low values and fit to within the ex-
pected accuracies; planimetric components show consid-
erable values, extending over areas of several times the
cell size. A quadratic approximation filtering technique
was applied to the edited DEMs to reduce the effect of
artefacts on morphologic structures. A qualitative sensi-
tivity analysis approach was performed; a multiquery
analysis of the variation of morphometric parameters at
different filtering intensities allowed the selection of an
optimum smoothing value for each dataset. This ap-
proach eliminates high frequency noise and allows the
generation of filtered DEMs that can be used as repre-
sentative of the bare earth surface models: larger scale
shapes in the whole of basin are kept and the general ac-
curacy in elevation is maintained.

Filtered DEMs were compared by means of algebric
sums, in order to identify variations in the ground surface
over the project time span. Resulting maps show different
patterns in terms of soil loss and accumulation. Generally,
the detected variations in elevation are small considering
the complex dynamics of the basin, ranging between zero
m and +/– 4.0 m. As the elevation accuracies of the
datasets are in the order of 0.4 m - 0.8 m, variations in ele-
vation between zero m and +/– 0.8 m - 1.2 m have not
been considered in relation to their statistical significance.
Elevation differences values less than – 4.0 m and greater
than 4.0 m, identified in specific zones of the basin and as-
cribed to human activity, have not been taken into account
in examining landscape evolution.

On the whole of basin scale, the analysis of the data
does not indicate a clear trend of ground surface variations
due to landslide activity. In fact, the entire area is charac-
terised by general instability. Movements in the main land-
slide area overlap each other, masking or deleting previous
movements effects. Moreover, landslide movements are
mostly translational (slab slide and earthflows) with minor
elevation components in the short time. Local phenomena
are still evidenced in the comparisons, more clearly in cer-
tain time intervals (i.e. 1993-1988 and 1993-1976 compar-
isons): these specific effects are due to well defined and
spatially confined landslide movements that have been re-
mobilised in the study area.

Mass wasting due to sheet, rill and gully erosion appar-
ently can not be quantified since the time scale of these
processes is too large to be seen in the few decades that
our data cover.

CONCLUSIONS

This paper has described and tested a combination of
techniques for an integrated approach to landscape
analysis. Digital photogrammetric systems, spatial analy-

sis techniques and GIS tools were used for morphologic
enquiry on a test area. The study utilized multitemporal
photographic images, captured by employing analog
cameras and subsequently digitised to obtain high spatial
resolution DEMs through photogrammetric processes.
Spatial analysis procedures have been used for DEMs
analysis. Results are based on the adopted materials and
methods and are applicable to areas characterised by
complex morphologic features. In particular, DEMs ex-
traction procedures, filtering techniques and morphome-
tric parameterisations resulted to be effective in studying
earth surface features and their evolution. Certainly, de-
velopments in digital photogrammetry and GIS will en-
hance the quality of information that can be obtained by
the proposed approach.

Ongoing improvements in digital photogrammetry
will provide rapid and continuous progress. Advances in
high resolution digital aerial cameras can supply image
collection systems that will become the most used in the
near future. These new systems can play an important
role in strengthening the approach described in this pa-
per. Developments in the field of digital image correla-
tion provide scientists, researchers and technicians with
powerful tools for DEMs extraction. Automatic deriva-
tion of high density DEMs can be performed rapidly by
using softcopy workstations; however, these systems lack
the ability to reliably detect blunders. The extraction of a
model of the bare earth surface by employing digital pho-
togrammetric workstations can be performed through se-
mi-automatic procedures. Different strategies for the au-
tomatic generation of DEM can be chosen, including the
automatic filtering of spatial objects. Generally, compar-
isons with reference datasets are made and stereo inspec-
tion of the models is conducted to check the matching
accuracy. In most cases, a series of time consuming edit-
ing operations are required to achieve the maximum al-
lowed accuracy.

Spatial analysis techniques and GIS tools are extreme-
ly helpful in estimating the morphometric parameters
that characterize the DEMs and an interesting comple-
ment in checking dataset quality. The application of mor-
phometric parameterisation to bare earth surface models
allows the recognition of possible artefacts which origi-
nate because of problems associated with data collection
and/or management and/or processing. In the presence
of artefacts that modify the representation of the ground
surface, several filtering methods can be used. These
methods reduce their effects. The use of a qualitative
sensitivity analysis approach to morphometric parameters
can result in highly effective selection of smoothing
methods and values. The evolution of study areas can be
evaluated by directly comparing the elevations of co-reg-
istered multitemporal datasets. The statistical signifi-
cance of elevation variations in a time series of DEMs
must be considered and weighted taking into account the
elevation accuracy of each dataset. Statistics of the
datasets and differential elevation maps represent power-
ful tools for identifying the presence of significant mor-
phologic trends.
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