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1. Introduction

A number of methods based on data ac-
quired by means of remote sensing systems are
now available for the generation of Digital Ter-
rain Models (DTM) over large areas. These in-
clude satellite SAR interferometry, airborne
laser scanning, aerial photogrammetry as well
as spaceborne optical and radar stereo option.
Among these techniques, Digital Photogram-
metry is one of the most powerful tools for ac-
quiring, through semiautomatic procedure, a
large amount of 3D points for the generation of

high spatial resolution DTM and the relative
rectified images.

In digital photogrammetry images are
processed with matching procedures based on
well defined shape comparison techniques or
on the grey level distribution in the correspon-
ding zones of the images (Heipke, 1995; Kraus,
1998). The capability of the correlation algo-
rithms to work at sub-pixel level affects the fi-
nal precision of digital products, together with
the quality of the image, the presence of shad-
ows and the morphology of the surface.

In volcanic areas, digital photogrammetry
techniques were experimented only recently,
showing remarkable potentialities (Zlotnicki 
et al., 1990; Achilli et al., 1998; Baldi et al.,
2002, 2005), such as the possibility to accurate-
ly describe morphological features of ground
surfaces, to study gravitative instability phe-
nomena induced by volcanic activity and to de-
tect and map areas involved in crustal deforma-
tion phenomena.

The objective of the work is to describe the
photogrammetric digital procedure applied to
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high resolution images acquired over Vulcano
Island, to discuss the quality of the results ob-
tained and to perform a comparative analysis
using multitemporal DTM.

Low altitude photogrammetric data over Vul-
cano Island have been acquired several time dur-
ing the last 30 years: the data analyzed in this
work derive from the 1971, 1983, 1993, 1996,
2001 surveys. For the first two datasets (1971,
1983), we had at our disposal the DTM derived
from images at 1:10 000 scale, while the 1:5000
images acquired in 1993, 1996 and 2001 were
fully processed within this work and used for a
detailed analysis of the main crater area.

2. Photogrammetric data of Vulcano Island

The 1996 aerial photogrammetric survey of
the entire island, performed with a WILD RC20
film camera, consists of a block formed by 4
strips including 36 photos at 1:10000 scale

(Achilli et al., 1997; Baldi et al., 2000); kinemat-
ic GPS was used to determine the coordinates of
the camera positions, allowing the reduction of
the number of ground control points (22).

The images were digitized at 1000 dpi reso-
lution, which corresponds to ground pixel reso-
lution of about 25 cm. After the standard proce-
dure for image orientation, the automatic corre-
lation module of the Digital Photogrammetric
Workstation DPW 770 Helava was used for au-
tomatic extraction of DTM from digital stere-
opairs; a 10-m grid DTM and an ortophoto (figs.
1 and 2) of the entire island were generated.

A more detailed analysis was performed for
the cone area where images at larger scale
(1:5000) were acquired in 1993, 1996 and
2001. In particular the north-east flank (Forgia
Vecchia and surrounding area) (fig. 3) was care-
fully investigated due to presence of instability
phenomena (Gabbianelli et al., 1991; Rasà and
Villari, 1991). In this case the ground resolution
of the digitised images is about 12 cm; which

Fig. 1. Ortophoto of Vulcano Island.

Fig. 2. Shaded relief image of the 10 ×10 m grid DTM of Vulcano Island.
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allowed for the extraction a higher spatial reso-
lution DTM (1×1 m grid). Table I shows the
main characteristics of the three datasets and of
the derived DTMs. The residuals estimated on
the ground control points after the Aerial Trian-
gulation (AT) adjustment show that the overall

accuracy of the 3D measured points is at sub-
pixel level. 

The necessity of a manual editing proce-
dure for at least 30% of the area is mainly due
to the presence of highly vegetated surfaces
where the matching procedure identifies 3D

Fig. 3. «La Forgia Vecchia» and surrounding area.

Table I. Principal characteristics of 1993, 1996, 2001 models and DTMs.

Characteristics 1993 survey 1996 survey 2001 survey

Average image scale 1:5000 1:5000 1:5000
Scanning resolution 1000 dpi 1000 dpi 1000 dpi

Number of processed images 2 4 4
Number of ground control points 11 6 12

No. tie points 5 23 26
AT residuals

X ∼5 cm ∼7 cm ∼7 cm
Y ∼5 cm ∼6 cm ∼7 cm
Z ∼2 cm ∼2 cm ∼5 cm

DTM grid space 1 m 1 m 1 m
Number of DTM measured points 1231782 1840703 2658635

CPU time ∼2h ∼3h ∼4h 30min

Percentage of automatic 3D measures ∼70 % ∼70 % ∼70%
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points, like those on top of the canopy, which
should not be included in the DTM. In this case
the editing procedure is mainly oriented to cor-
rect the outliers, to measure new points and to

reconstruct the continuity of the ground sur-
face. 

The correlation index, a value which quanti-
fies the quality of the stereo correlation match-

Fig. 4. The north-east flank of the cone; the four areas with different morphological characteristics are shown.



1063

Application of Digital Terrain Model to volcanology

ing between the image pairs (Davis et al.,
2001), is also influenced by shadows and bad il-
lumination conditions. The measured DTM can
be refined by carefully performing the editing
procedure on the low correlation areas; despite
this, the DTM accuracy strongly depends on the
terrain characteristics (morphology and vegeta-
tion). This was verified comparing DTMs (1×
×1 m) extracted from the images of the 1993,
1996 and 2001 surveys, on four different areas
characterized by dense or partial vegetation
coverage (fig. 4, sector A and B), or by rough or
smooth terrain (fig. 4, sector C and D). In the
first two areas an editing procedure was ap-
plied; in the C and D zone the digital elevation
model processed only by the automatic correla-
tion approach was analysed. The results of the
comparisons between the different models de-
rived from the three surveys are listed in table
II: the repeatability is of the order of few
decimetres in presence of vegetation or uneven
morphology, but is reduced to a few centimetres
in favorable conditions.

The same results were obtained by Baldi et al.
(2000); a comparison between the 1996 pho-
togrammetric DTM and the coordinates of about
6000 points mainly distributed around the top of
the cone, measured in the framework of three
GPS kinematic surveys, indicates a standard de-
viation of the height differences of about 18 cm.

3. Differential Digital Photogrammetry (DDP)

The comparison of DTMs produced process-
ing stereo-images acquired in successive epochs
(DDP) may be used for the measurement of the
vertical deformation of the observed area, allow-

ing the evaluation of mass balance when large in-
stability phenomena or lava flows occurred. In
order to discriminate between vertical and hori-
zontal components of the movement, artificial
permanent targets or well shaped natural objects
visible in all the images should be measured
(Zlotnicki et al., 1990).

Multitemporal stereo models, which are
used for DTMs generation at different epochs,
have to be oriented in the same reference frame;
this may be accomplished by identifying and
measuring the same ground control points (arti-
ficial), whose coordinates are known in an exter-
nal and stable (fixed in time) reference system.
A recently developed alternative approach can
be used by adopting methods for direct georef-
erencing image data (GPS/INS integrated sys-
tem) which provide position and attitude of the
image sensor in an absolute/external reference
system (Achilli et al., 1997). In the absence of a
sufficient number of ground control points or
external orientation parameters, the reference
system can be established by using natural con-
trol points measured on a selected model cor-
rectly oriented: these points should be clearly
identifiable on all multitemporal data sets.

If the use of ground control points or com-
mon points recognized a posteriori on all the
photos is not feasible, it is possible to obtain the
registration of different (multitemporal) sets of
3D coordinates of the same area by the so
called «least square surface matching proce-
dure» (Baldi et al., 2004).

The basic principles of this approach are well
described by Karras and Petsa (1993), Pilgrim
(1996a), Mitchell and Chadwick (1999); they
describe a method for minimizing the vertical
surface separation of DTM pairs, assumed to be

Table II. Mean value and standard deviation of height differences of digital elevation models relative to differ-
ent terrain characteristics.

Area Description 1993-1996 1993-2001 1996-2001
M (m) σ (m) M (m) σ (m) M (m) σ (m)

A Completely covered by vegetation −0.71 0.60 −0.93 0.68 −0.22 0.63
B Partially covered by vegetation −0.10 0.20 −0.45 0.41 −0.35 0.37
C No vegetation, rough terrain 0.12 0.20 0.29 0.22 0.17 0.22
D No vegetation, smooth terrain −0.06 0.05 −0.06 0.07 −0.001 0.07
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affected by errors, and representing the same
object in different reference systems. A possible
approach involves the detection of the parame-
ters for a rigid transformation in a common ref-
erence system of the two data sets, without the
aid of control points (least square matching).
The presence of local deformations may influ-
ence the estimation of the parameters, reducing
the ability of these conventional matching algo-
rithms to obtain the spatial registration, but
some robust estimators can be applied (Li et al.,
2001) to increase the tolerable percentage of
deformed areas. As pointed out by many au-
thors (Karras and Petsa, 1993; Pilgrim, 1996b),
one of the major advantages of the least square

matching is that the process allows for various
statistical techniques which make the match
procedure very robust; furthermore, it can be
integrated with techniques for detecting
changes of the surfaces due to real deforma-
tions or to statistical outliers.

4. Application of DDP

The East flank of the cone was affected in
1988 by a landslide which moved to the sea
(Tinti et al., 1999); in this area the differential
DTM method was applied to the 1971, 1983,
1993, 1996 and 2001 data. 

Fig. 5a-d.  Comparison between DTMs in the landslide area: a) 1983-1971; b) 1993-1983; c) 1996-1993; d)
2001-1996.

a b

c d
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For the last three DTMs the common refer-
ence system was defined using two models
from the 1996 survey, oriented by 6 artificial
ground control points measured with GPS; on
these models 12 natural points, clearly visible
in the 1993 and 2001 images and located in an
area assumed stable, were chosen and their co-
ordinates measured. They were assumed as
ground control points useful for the orientation
of the 1993 and 2001 models.

For the oldest surveys (1971 and 1983) only
DTMs derived by stereo pair at about 1:10000
scale produced by other operators were at our
disposal. In this case the registration was ob-
tained by a least square surface matching proce-
dure respect to the 1996 model (fig. 5a).

The selected region described by the digital
models presents different morphological features,
varying from highly steep slopes to smooth ter-
rain, and includes the area involved in the 1988
landslide. The comparison between the 1983 and
1993 models clearly showed the area involved in
the landslide and allowed us to evaluate its vol-
ume (about 193000 m3) (fig. 5b). 

The comparison between the recent and more
accurate DTMs do not show successive important
deformations (fig. 5c,d). In this case the scale of
the images (1:5000) yielded residuals lower than
0.5 m on a large portion of the area (fig. 6a,b); the
major differences are present in the vegetated or
highly sloping areas characterized by bad illumi-
nation conditions or absence of a good stereo-
scopic vision of the surface in the images. Verti-

cal variations (uplift) ranging between 0.5 and 2.0
m in the N-W part of the area correspond to the
presence of vegetation which in many cases pre-
vents the description of the ground surface, even
if a normal editing has been performed where
small portions of ground surface are visible. The
mean value of these anomalous residuals is in
agreement with the estimation of the annual
growth of shrubs (∼10 cm/yr), obtained measur-
ing the top of 60 bushes distributed on the slope
and recognized on the three models.

5. Conclusions

Airborne photogrammetric images provide
powerful tools for Digital Elevation Model ex-
traction, especially when coupled with the use
of Global Positioning System (GPS) techniques
for georeferencing and validating results.
DTMs may be used for the definition of mor-
phological characteristics such as slopes, vol-
umes, or drainage patterns and integrated with
multi-spectral remote sensing imagery for a
large number of applications. The comparison
of multitemporal highly accurate models of a
volcanic area can be used for deformation mon-
itoring, morphological changes detection and
mapping revision of rapidly changing areas.

The resolution of the DTMs obtained by se-
mi-automatic digital processing of airborne
stereoimages from a photogrammetric camera
can satisfy a wide range of accuracy require-

Fig. 6a,b.  Comparison between a) 1996 and 2001; and b) between 1993 and 2001 DTMs.

a b
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ments provided that certain operational and im-
age processing procedures are adopted. This
method is very useful for surveillance activities
and deformation monitoring over active areas.

We analysed data derived from aerial pho-
togrammetric surveys performed on Vulcano Is-
land in the last thirty years. The results confirm
the possibility of extracting DTMs with a few
centimeters accuracy, starting from images at
1:5000 scale and processing them with automat-
ic matching procedures. The precision decreas-
es rapidly when the monitored area is charac-
terised by complex morphology, poor illumina-
tion, or the presence of vegetation. The area in-
volved in the 1988 landslide, located on the East
flank of the cone, was well defined, and the
mass involved in the event has been evaluated.
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