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Abstract

A new Digital Elevation Model (DEM) of the natural landforms of Italy is presented. A methodology is discussed to
build a DEM over wide areas where elevation data from non-homogeneous (in density and accuracy) input sources
are available. The input elevation data include contour lines and spot heights derived from the Italian Regional topo-
graphic maps, satellite-based global positioning system points, ground based and radar altimetry data. Owing to the
great heterogeneity of the input data density, the DEM format that better preserves the original accuracy isaTrian-
gular Irregular Network (TIN). A Delaunay-based TIN structure is improved by using the DEST algorithm that en-
hances input data by evaluating inferred break-lines. Accordingly to this approach, biased distributionsin slopes and
elevations are absent. To prevent discontinuities at the boundary between regions characterized by data with differ-
ent resolution a cubic Hermite blending weight S-shaped function is adopted. The TIN of Italy consists of 1.39x 10°
triangles. The average triangle arearanges from 12 to about 13000 m? accordingly to different morphologies and dif-
ferent sources. About 50% of the model has alocal average triangle area <500 m?. The vertical accuracy of the ob-
tained DEM is evaluated by more than 200000 sparse control points. The overall Root Mean Square Error (RM SE)
islessthan 3.5 m. The obtained national-scale DEM constitutes an useful support to carry out accurate geomorpho-
logical and geological investigations over large areas. The problem of choosing the best step size in deriving a grid
from aTIN is then discussed and a method to quantify the loss of vertical information is presented as a function of
the grid step. Some examples of DEM application are outlined. Under request, an high resolution stereo image data-
base of the whole Italian territory (derived from the presented DEM) is available to browse via internet.

Key words Italy — triangular irregular network — and Pfiffner, 2001; Székely and Karétson, 2004,

DEM — interpolation method Ganas et al., 2005). The accuracy of a DEM is

essential for environmental analyses (Kenward

et al., 2000; Chaplot et al., 2006) and for natu-

1. Introduction ral phenomena simulation (Stevens et al., 2003;

Favalli et al., 2005, 20064). Owing to the com-

Digital Elevation Models (DEMs) are essen- plexity of the geodynamic and morphological

tial for many geologica and environmental context and to the extensive urbanization, Italian

studies. Topography plays afundamental role in territory is often exposed to hazardous events
hydrological and morphological studies, in risk (e.g., Pareschi et al., 2000a,b).

and hazard evaluations, and to identify linea- Italy is administratively partitioned into 20
ments and faults (Martz and Garbrecht, 1995; Regions and each Regiona territory is divided
Stevens et al., 1999; Favalli et al., 1999; Kuhni into several sub-territorial authorities (i.e.

Provinces and River Basin Authorities). Local

administrations followed different methodolo-
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This paper is primarily focused on the cre-
ation of a globa seamless high resolution DEM
of the whole Italian territory from an heteroge-
neous dataset. In recent decades new technolo-
gies have alowed the creation of several DEMs
at continental and regiona scales (Hutchinson,
1996; Liu et al., 1999; NED-USGS, 2000; Farr
and Kobrick, 2000; Bamber et al., 2001; Swis-
stopo, 2001). We used suitable interpolation al-
gorithms and procedures to creste as accurate a
model as possible from the available data. The
DEM is provided in a TIN format and we pres-
ent procedures for data merging and elaboration
too. The output dataset is named TINITALY/01.

g

7748

Since DEMs are often requested in grid for-
mat, we carefully investigate the loss of accura-
cy in converting a TIN into elevation grids with
variable step size.

Finally, we mention some examples of ap-
plications of our DEM.

1.1. Previous DEMs

Before our effort, four DEMs of the whole
Italian territory were available: they are listed
and briefly described in the following (in order
of decreasing step size):

'KTest site

Fig. la-e. Shaded relief images (illumination from northwest) of samples of the available DEMs of Italy, repre-
senting the northeast summit of Mt. Etnaiin Sicily. Bottom right panel: the map of Italy with the main mountain-
ous areas and the test site location. North to the top. From the lower (&) to the higher (€) horizontal grid resolution:
a) Archivio delle Quote Medie with a grid cell of 240 m; b) SRTM with a grid cell of 90 m; ¢) Terra-ltaly/CGR
with agrid cell of 40 m; d) IGM-1:25000 with agrid cell of 20 m; €) TINITALY/01 resampled to a10 m grid cell.
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i) Archivio delle Quote Medie — This DEM
was obtained by simple linear interpolation of
contour lines digitized from the 1:25000 maps of
the Itituto Geografico Militare (IGM) (fig. 14).
The database is organized into 280 tiles (Carroz-
Z0 et al., 1985) subsequently merged into an u-
nique matrix with a step of about 240 m (Pike et
al., 1990; Reichenback et al., 1993). This model
was used as a framework for morphological and
hydrogeological applications at regional scae
(Onorati et al., 1992; Guzzetti and Reichenbach,
1994; Guzzetti et al., 1997, 1999).

i) SRTM-Italy—A global Terrain Model was
released on May 2004 by the National Aeronau-
tics and Space Adminigtration (NASA) and the
National Imagery and Mapping Agency (NIMA)
(Farr and Kobrick, 2000; <http://mww.jpl.na
sa.gov/srtm> accessed on July 2007) in the con-
text of the Shuttle Radar Topography Mission
(SRTM). SRTM acquires two simultaneous im-
ages by a dua Spaceborne Imaging Radar (SIR-
C) and dual X-band Synthetic Aperture Radar (X-
SAR) configured as a basdine interferometer.
The data are expressed in geographic coordinates
and are referenced to the WGSB84 Geoid. More
than 90% of the Italian land surface is covered by
SRTM data. The SRTM DEM in Italy is averaged
to 3" spacing (~90 m posting) from the original 1
spacing. The absolute horizontal and vertical pre-
cision is 20 m (error at 90% confidence) and 16
m (error a 90% confidence), respectively (fig.
1b). Vegetation isnot considered in these error es-
timates and it is expected to introduce systematic
positive RMSEs in the SRTM elevations (Falorni
et al., 2005).

iii) Terra-ltaly/CGR—ThisDEM of Italy was
produced by the Compagnia Generde Ripre-
seaeree (Compagnia Generae Ripreseaeree SpA,
<http://www.blomasa.com/cgr/it> accessed on
July 2007) by aerophotogrammetry. Aerial pho-
tos at 1:70000 scale were acquired at an aver-
age altitude of 10000 m a.s.l. by using a Wild
camera RC20 (focus 152.82 mm). Digital ele-
vation data, step size 40 m, are arranged in tiles
of 185x144 grid cells. Altimetric precision is
less than 5 m in 95% of cases (fig. 1c).

iv) IGM-1:25000 DEM — This DEM was
created by IGM (Istituto Geografico Militare,
Florence, Italy, 2° Direzione della produzione,
Servizio Elaborazione Dati; <www.igmi.org>,
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accessed on July 2007) and is obtained from
contour lines and spot heights derived from the
IGM 1:25000 maps (fig. 1d). These data are
projected in UTM EDS50 and are organized
intiles of 3 different sizes (10x10 km?® with a20
m resolution; 10° Longx6’ Lat withal” reso-
lution; 20" Longx12’" Lat with a 3" resolution).
The elevation value of each grid point was main-
ly calculated by an inverse-distance weighted al-
gorithm, averaging the 8 nearest neighbor eleva
tions on contour lines or spot heights. These 8
points are the nearest ones in the eight sectors
defined by the N-S and E-W directions and their
bisectors. Sometimes, the interpolation ago-
rithm introduces biased topographic features,
with an octahedra pattern (Favalli and Pareschi,
2004). IGM guarantees a vertica accuracy of 7-
10 m estimated as tested by using control points.

2. TINITALY/OL: input data and processing
methods

2.1. Data sources

The used input data came from different
sources and were collected with the help of the
[talian Ministry of the Environment, the Italian
Regions and Provinces, the River Basin Author-
itiesand IGM (fig. 2).

The main data sources were:

i)  Technical Cartography (CTR 5000 maps
at 1:5000 scale, fig. 2). Contour lines (5 m inter-
val) and spot heights derived from aeria pho-
togrammetric surveys were available in a digital
format. For some areas, gullies and ridges deter-
mined through photogrammetry were available
as 3D polylines. Vertica precision is 1.2 m for
spot heights and 2 m for contour lines. Planimet-
ric precisonis 2 m (in 95% of cases).

i) Technical Regional Cartography (CTR
10000 maps at 1:10000 scale, fig. 2). Contour
lines (10 m interval) and spot heights derived
from agrial photogrammetric surveys were avail-
able in a digital format. For some areas, gullies
and ridges, determined through photogrammetry,
were available as 3D polylines. Vertical precision
is 1.8 m for spot heights and 3.5 m for contour
lines. Planimetric precision is 4 m (in 95% of
cases).
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Fig. 2. Theresolution of input data sources is not homogeneous over the Italian territory. Data resolution may

even vary within some regions (e.g., Liguria Region)

iif) Technical Regiona Cartography (CTR
10000 maps, at 1:10000 scae, fig. 2). Vertica
precision is 1.8 m for spot heights and 3.5 m for
contour lines (50 m interval). Planimetric preci-
sionis5m.

iv) 1GM data(IGM 25000 maps, at 1:25000
scale, fig. 2). Contour lines (25 m interval) and
spot heights with variable vertical precision (1-7
m).

v) Airborne laser-scanner dtimetry data
with submetric precision (fig. 2); Tevere, Aniene,
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Nera-Velino river beds in the Lazio Region (Te-
vere River Basin Authority, 1997-1998).

vi) Sparse Globa Positioning System
(GPS) data with centimeter precision (Au-
tonomous Province of Bolzano-Alto Adige).

vii) Additiona detailed input data were used
for some volcanic areas (fig. 2). For the Vesuvian
area contour lines and spot heights at a nominal
scale of 1:2000 (Pareschi et al., 2000b) with a
vertical precision of 0.6 m (spot heights) and 0.9
m (contour lines) and with planimetric precision
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of 1.2 m (in 95% of cases) were used. For por-
tions of the Aeolian Idands (Achilli et al., 1998;
Bisson et al., 2003) and Etna (Favalli et al., 2005)
detailed input data with an altimetric precision of
less than 0.5-1 m were used.

viii) The coastline was digitized from the
I T2000 orthophotos 1 m pixel size, 4 m planimet-
ric accuracy (after Compagnia Generde Ripre-
seaeree SpA, <http://www.blomasa.com/cgr/it>
accessed on July 2007).

The input datasets were originally available
in the following map projections and datums:

— SlI 1940, Gauss Boaga (Transverse Merca-
tor), Hayford 1909 Ellipsoid, Monte Mario,
Zone 1 (west) and Zone 2 (east), elevation data
are referred to Mean Sea Level (MSL).

—Universal Transverse Mercator Projection,
European Datum ED50 with the International
Hayford (1909) Ellipsoid, Potsdam, Zones 32
and 33, elevation data referred to MSL.

The adopted coordinate systems for TINITA-
LY/01 is Universa Transverse Mercator/World
Geodetic System 1984 (UTM-WGS8B4): the 32
zone (for Western Italy) and the 33 zone (for
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Eastern Italy). Coordinate transformation from
other systems to the adopted one were performed
using the Traspunto software (Maseroli, 2002)
based on the IGM95 Italian network, Europe
ETRS89 Reference System (Surace, 1997). The
planimetric precision of this coordinate transfor-
mation is 20 cm on the average, with amaximum
error less than 0.85 m.

2.2. Thetriangulation method

Severd interpolation techniques are used for
the generation of raster-format DEMSs, the main
are: inverse distance weighting, ordinary kriging,
universal kriging, multiquadratic radial basis func-
tion and regularized spline with tension. Many au-
thors have compared the reliability of these differ-
ent methods (e.g., Chaplot et al., 2006) concluding
that the best choice is not univocal because it
strongly depends on the input data density.

The TIN structure perfectly deals with the
variable density of the input data preserving de-
tails and avoiding redundancy.

Delaunay
y=0.199x-0.87
R*=0.61
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Fig. 3. Plot of RMSE versus equidistance computed through the DEST (open blue diamond) and Delaunay ap-
proach (open red diamond). The original equidistance was Azo=5 m. The regression line slope represents the av-
erage errors in interpolation as a function of equidistance. DEST has an average RMSE of about 5% of the
equidistance, whereas Delaunay has an average RM SE of 20%.
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The most diffuse method to build a TIN is
Delaunay tessellation (Macedonio and Pareschi,
1991). This method minimizes the sum of the
maximum internal angle of al the triangles.
Moreover, no point of the set is inside the cir-
cumcircle of any triangle of such a tessellation.
The Delaunay method provides satisfactory re-
sultsif input points are randomly scattered, but if
they have a pattern in a plane, false flat morpho-
logical features related to the triangle whose all
vertices belong to the same contour line are in-
troduced, and bias effects occur. This especialy
happens where contours lines have high curva-
ture. We adopted the DEST agorithm (Favalli
and Pa-reschi, 2004) to avoid this problem. The
basic idea by DEST is the computation of ridges
and gullies identified as the skeleton of the re-
gionswhere biased distributionsin slopesand el-
evations arise after a «simple» Delaunay tessel-
lation. DEST computes medial lines (skeleton)
equidistant from the boundary of the flat region
congtituted by local network of flat triangles. The
Z value of each skeletal node is interpolated be-
tween adjacent contour lines.

All the original input points (spot heights and
€levation contours) plus the computed ones along
break-lines (skeleton lines) are used to create an
improved triangular mesh. When input data have
arandom distribution (for example when provid-
ed by alaser scanning survey), DEST performsa
straightforward Delaunay tessellation.

To further evaluate the performance of the
two algorithms, DEST and Delaunay, we com-
pared RT (areference TIN built using contour
lineswith the equidistance Azo =5 m) with ase-
ries of re-built TINs obtained from a subset of
the input data (Az,= ranging from 10 to 70 m,
by 5 m): the closer the sub-set TIN to the RT,
the better the triangulation algorithm.

This procedure was applied once using the
DEST agorithm and then the Delaunay one over
29 test areas representing the Italian landforms
types. Subsequently the elevation RMSE was
computed considering about 6x 10° control points
for each test area and the results are shown in fig.
3. Asan overal result the DEST agorithm intro-
duced an average RM SE corresponding to about
5% of the equidistance between the subset con-
tour lines, whereas the Delaunay approach yield-
ed an average RM SE of about 20%.
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2.3. Data processing

At afirst step the huge amount of collected
data was considered in separate batches to ob-
tain preliminary elevation models of single re-
gions (step 1, fig. 4). To allow easier data man-
agement, the input dataset was organized ac-
cording to 10x10, 5x5 or 2.5x2.5 km? tiles, de-
pending on the density of the input data (the
denser the data the smaller thetile size).

Error correction involved a preliminary au-
tomatic procedure (batch processing) followed
by a supervised one.

Origina data redundancy and anomalies
were corrected through batch processing. For ex-
ample, when the distance between a spot height
and a contour line was lower than the planimet-
ric precision of topographic contour points, the
considered spot height was automatically re-
moved.

The supervised correction of the vector da-
tabase was performed through a series of editing
tools and automatic and semi-automatic filters
(the TINITALY/01 toolbox) created using theAr-
cView 3.3® package. A team of GIS-skilled op-
erators applied these utilities and time after time
tuned the filters parameters considering both dif-
ferent input vector types (i.e. equidistance) and
different morphologies (i.e. steep dopes in the
case of close contour lines, or smooth slopes for
spaced contours).

During the supervised correction, areaswhere
the input data vector were unusable had been in-
tegrated using raster IGM cartographic maps at a
nominal scale of 1:25000. To preserve boundary
continuity, each tile was merged with the adjacent
ones, corrected, and then cut updating the whole
database. This procedure ensures that tile borders
are free from edgematching errors.

The second step (fig. 4) consists of the merg-
ing of the vector databases belonging to the Re-
gions of the same UTM zone. In this way we ob-
tained the country model arranged in two zones
(32 and 33).

As afinal step the 33 zone database, repro-
jected to 32 zone, was merged with the resident
32 zone database obtaining the thorough seam-
lessTIN of Italy (step 3, fig. 4).

Particular attention was paid to prevent seams
aong boundary between areas with different spa-
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tial resolution (steps 2 and 3, fig. 4). These dis-
continuities were minimized by a cubic Hermite
blending weight S-shaped function, controlling
adverse edge effects and preserving elevation
continuity acrossthe boundaries (Liu et al., 1999)
(fig. 5a,b).

A trial-and-error loop was followed through-
out al the correction procedure (the «check» cir-
cle, fig. 4).
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Fig. 4. Flow chart of data processing procedure for
the creation of the TINITALY/01. Data check im-
plies the creation of shaded relief images where arti-
facts appear as erratic scars, anomalous ditches,
sharp peaks or deep ridges.
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Fig. 5ab. &) Perspective view of two contiguous ar-
eas with different spatial resolutions: in the bottom left
portion the Toscana Region with denser contour lines
and, in the upper portion, the Emilia Romagna Region
with lower resolution data. In the yellow belt merging
between the two areasisforced. Red linesrepresent tile
edges, thetilesin foreground are 2.5x2.5 kn?. Thethin
solid blue line is the administrative boundary between
the two Regions. b) The same view of (a) showing the
obtained DEM.

3. Theseamless TIN of Italy

As dready mentioned, the TIN of ltaly is
available in the UTM-WGS84 coordinate sys-
tem, zones 32 and 33. Elevations are referred to
mean sea level.

The main characteristics of TINITALY/01
are resumed in table | for each Region and for
the whole territory.

The node density of TINITALY/01 isshown
in fig. 6. Density is mainly controlled both by
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Fig. 6. Thenode density of the TINITALY/01 database has been derived triangulating the number of nodes per
km? of all thetiles. Note the uneven distribution over the Italian territory. The resolution of the original input da-
tasource (fig. 2) clearly exerts a strong control on the TIN node density distribution. The number of TIN trian-
glesisroughly twice the number of TIN nodes all over the model, so values reported on the scale bar of the fig-
ure can be directly converted to obtain the local average TIN triangle areas.

the nominal scale of input data and by the het-
erogeneity of the Italian landscape. Morpholo-
gy evidently controls the density of features.
The lowest densities are attained in the major
Italian plains (the Po Valley in the North, the
plain areas in Campania and Puglia Regions),
whereas the highest densities are found in the
high relief areas of Valle D’ Aosta and Eastern
Alps. In morphologically homogeneous areas,
for example South-East Sicily (South Italy) and
Liguria Region (North Italy), the node density
of the TIN is related mainly to the nominal
scale of input data (figs. 2 and 6).
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The average triangle area of the TIN range
from 12 to about 13000 m? accordingly to dif-
ferent landscapes and different sources. Tablel|
summarize this value obtained over representa-
tive sample areas (400 to 3000 km?* wide) scat-
tered throughout the entire database.

3.1. TIN vertical accuracy
We have estimated the vertical accuracy of

TINITALY/01, by using independent sets of
control points:
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Table Il. The Average TIN Triangle Area (ATTA)
for different data sources and different landscapes.

Data source Landscape ATTA (m?)
CTR 5000 Mountains 12.0
CTR 10000 Mountains 72.9
CTR 10000d Mountains 310
IGM 25000 Mountains 656
CTR 5000 Hills 30.3
CTR 10000 Hills 187
CTR 10000d Hills 597
IGM 25000 Hills 919
CTR 5000 Plains 197
CTR 10000 Plains 1165
CTR 10000d Plains 13269
IGM 25000 Plains 1782

a) 200000 points from the more recently
available Technical Regional Cartography (ver-
tical precision £1.80 m) scattered over extra ur-
ban areas (EUA);

b) 1000 points form the LiDAR data set (L)
(Mazzarini et al., 2005) (vertical precision <1 m).

The direct comparison of TINITALY/01 and
these control pointsrevealed amean RMSE in el-
evation of less than 3.2 m for the entire investi-
gated area. The great variability in the mean
RMSE (0.84 m Friuli Venezia Giulia; 5.99 m Ca
labria) of Italian regionsis mainly due to the dif-
ferent sources of input data (table 111 and fig. 2).

Another set of pointsto evaluate the vertical
accuracy of TINITALY/01 was derived from
photogrammetric analysis of stereo pairs and
consists of 1800000 points (vertical precision

Table I11. The elevation RMSE of the TIN for the 20 Regions of Italy.

Region EUA RMSE (m) UA RMSE (m) Source

Abruzzo 4.43 5.26 IGM 25000

Basilicata 432 5.97 IGM 25000

Calabria 5.99 6.91 IGM 25000
Campania 3.20 4,98 IGM 25000 @
Emilia Romagna 5.05 2.74 CTR 10000d

Friuli Venezia Giulia 0.84 1.36 CTR 5000

Lazio 5.92 5.89 IGM 25000 @
Liguria 5.35 2.63 IGM 25000 @
Lombardia 3.68 4.83 CTR 10000d d
Marche 2.08 2.38 CTR 10000d 0

Molise 3.76 451 IGM 25000
Piemonte 1.76 2.13 CTR 10000d

Puglia 2.14 2.52 IGM 25000
Sardegna 1.97 2.33 CTR 10000d
Sicilia 3.19 5.35 IGM 25000 @
Toscana 2.05 2.83 CTR 10000d @
Trentino Alto Adige 2.76 2.09 CTR 10000d
Umbria 2.01 CTR 10000d

Valle d' Aosta 191 CTR 10000d
Veneto 1.25 CTR 10000d

Italy 3.20 4.29
LiDAR RMSE (m)
ETNA (Eastern Sicily) 244

@ These regions source data sets have different resolution (fig. 2).



TINITALY/01: anew Triangular Irregular Network of Italy

+0.80 m) concentrated in the Urban Areas (UA)
of several Italian cities. In this case the urban
data source strongly affected the resulting
RMSE. In particular, the average value for the
whole territory of Italy is4.3 m (table I11). This
very high value is explained as the source data
used in TINITALY/01 are generally poor in ur-
ban areas where the very heterogeneous and un-
evenly distributed manmade features can affect
data precision. Regions with low-resolution da-

ta sources (1:25000) show high RMSE values
ranging from 5.9 m in Calabria to 2.1 m in
Puglia, whereas regions at 1:10000 scale have
RMSE values ranging from 2.8 m in Trentino
Alto Adigeto 1.8 m in Piemonte.

All the sets of control points used to test the
vertical accuracy of the TIN of Italy are shown
in fig. 7 and grouped into 3 different categories
according to their source (Extra Urban Areas,
LiDAR and Urban Areas).
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Fig. 7. Vertical accuracies of TINITALY/01 plotted over a shaded relief image of Italy. Estimates were done
by using control point sets in Extra Urban Areas (EUA, circles), Urban Areas (UA, triangles) and LiDAR (L,
squares). Colors represent the local TIN nodes density, increasing from blue to red. The size of the symbols re-
late to the vertical accuracy of the TINITALY/01 elevations, according to the top-right legend of the figure.
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4. TIN toregular grid

In terrain analysis a raster model is usually
preferred to aTIN one because of two main rea-
sons:

— the use of matrix elaboration;

— the great compatibility with most soft-
ware.

In this work we computed the grid cell val-
ues projecting each cell center (grid node) onto
the TIN surface, so the grid is a straightforward
sampling of the TIN.

The key question isto evaluate how closethe
derived grid isto the input TIN. The answer im-
plies the evaluation of the discrepancy between
these two models. For this purpose we compared
two different methods tested over a sample
square area (6.25 km?): the Fast Fourier Trans-
form (FFT) approach (eg., Liu et al., 1999) and
a simple statistic-based method (fig. 8a).

4.1. The wavelength analysis

The FFT approach provides information on
the relative amount of height variation at differ-
ent wavelengths or spatial frequencies (Pike
and Rozema, 1975; Gallant et al., 1994).

First of all we derived areference grid with
a cell size much smaller than the local average
TIN node spacing (cell size 0%, = 0.3052 m, av-
erage TIN node spacing ~4 m), so this grid
(Goxo) is a good representation of the original
TIN. The number of nodes of Gdx, is N2

Then we have obtained the power spectrum
applying the FFT on Gox,. Refining the approach
of Liu et al. (1999), the adopted landscape refer-
ence function was not the mean of the test area,
but the best fitting plane «, so that data were de-
trended and the variance was not masked by first
order components. Owing to data de-trending,
the basic component (i.e. the constant) of the FFT
power spectrum was zero, thereby giving greater
weight to data scattering. According to the Parse-
va-Rayleigh theorem, the sum of the variation
computed in the spatial domain equals the total
power (sum of the squared amplitudes) computed
in the frequency domain. At a cut-off frequency
Keut-oft, the total loss of information 6 ost(Keut-off)

can be calculated through
> N
Otost (Keuorr) = Z Pk, k) ki, ko= koot 7
4.1

where P(ki, ko) is the power component of fre-

o O

~

RMSE or 7. (m)

R W

\

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Grid cell size or A (m)

Fig. 8a,b. Comparison between the FFT and the RMSE. a) Shaded-relief image of the tile used as a test site
inside the Friuli Region (bottom left coordinates. x = 825000 m; y = 5130000 m in UTM WGS84 zone 32). b)
Plot of the elevation RM SE versus grid cell size dx (solid line) and of the error in elevation z== as estimated by
the FFT (dashed line) versus the cut-off wavelengths A of the landscape features.
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quencies (ki, k). oLost represents the cumula-
tive discrepancies in elevation between Goxo
and afiltered grid obtained discarding frequen-
cies >keuot for the N? Gox, nodes. According
to the FFT approach, the resulting average error
in elevation (zerr) Obtained in a Gox, node by
neglecting wavelengths (i.e. feature dimen-
sions) below the grid step ox is therefore

_ Oiost

ZpFrT = N2 -

The z-= obtained as a function of cut-off wave-
lengths A of the landscape features was the dash-
ed lineinfig. 8b.

To validate the obtained error in elevation,
we related the wavelength A to the grid cell size
0x; in the following procedure. We evaluated
the discrepancy between Gox, and a series of
grids (Gox;) derived from the same test TIN us-
ing an increasing step size dx; linearly varying
from 20, to 75 m (20X, 30X%o...75 m); then we
calculated the difference in elevation between
each derived grid Gox and Gox, at each Goxo
nodes obtaining an elevation RMSE based on
an extremely rich sampling (Gdx, nodes = 67,
108, 864), that warrants a very accurate evalua-
tion of the Gox.-Gox; discrepancies.

At the end of this procedure we plotted ele-
vation RM SE versus grid cell sizedx; (solid line
in fig. 8b). Comparing the dashed and the solid
lines, it results that, at short wavelengths (high
cut-off frequencies), the FFT overestimates the
error in respect to the RMSE.

Furthermore, the FFT approach can be mis-
leading when applied to topographic data, be-
cause it assumes a stationary signa (i.e. the
landscape mean, variance and higher order mo-
ments should al be independent on location),
but thisis not the case for topographic data. An-
other problem with the Fourier transformis that
often the sine functions are not agood represen-
tation of the fundamental shapes occurring in
the landscape, so agood localization in scaleis
impossible. Non-sinusoidal shapes produce
harmonics at shorter wavelengths which can
mask the contribution of smaller features at
those wavelengths. This also implies that the
Fourier transform may represent a single fea-
ture in the landscape with a substantial number
of sinusoidal components and, conversely, a

(4.2
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single component may contain contributions
from several surface features.

4.2. The statistical analysis

A different evaluation of the «optimal» grid
step can be calculated through a statistical eval-
uation of the discrepancies between the TIN
and grids with different cell sizes (similarly to
the above calculated Goxo- Gox; discrepancies).
This evaluation was accomplished by analyzing
the elevation RMSE between the TIN and the
grids for given sets of sample points. The eleva
tion of a sample point was obtained by project-
ing this point onto the TIN, and the correspon-
ding elevation onto the grid was computed
through bilinear interpolation of the grid nodes.

Three different sets of points were used to
evaluate the match between the grid and the
original TIN in 40 sample areas representing
the Italian territory:

— Thefirst set consisted of random points.

— The second set was the nodes of the TIN
itself; the contributions of these points were
weighted according to the area of the corre-
sponding Voronoi polygon (Watson, 1981; Fa-
valli and Pareschi, 2004). A Voronoi polygon in
aTIN lattice defines a polygon whose interior
includes all pointsin the plane which are closer
to aparticular TIN point than to any other. This
set includes ridges and valleys points as in-
ferred by the DEST algorithm. At these points
local slope discontinuities of the TIN occur.

— The third set was the barycentres of each
triangle in the TIN; the contribution of these
points was weighted according to the area of the
corresponding triangle. By definition these points
have zero curvature on the TIN, and they localy
maximize the distance from the edges of the TIN
mesh.

The RMSE between TIN and grids for these
three sets of points was calculated for different
cell sizes (from 5 m to 200 m by 5 m steps). In
each sample areathe RM SE value was highest for
theset of TIN nodes, lowest for the set of barycen-
tres and intermediate for the set of random points.
Considering that each grid approximatesthe TIN,
the RMSE was highest when the control points
lay near the vertices, or edges, of the TIN trian-
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Fig. 9a-d. RMSE between TIN and grid for the TIN node set (red line), the barycentre set (green line) and the
random point set (blue line). The grid cell size step is5 m. a) Vale d’ Aosta; b) Basilicata; ¢) Puglia; d) Emilia
Romagna. Morphological data are listed in table I11.
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Table V. Characteristics for the four cases presented in fig. 9a-d.

Sampled regions Tileside Node density Triangle density RMSE height
(km) (Node/km?) (Triangle/km?) (m)
Valle d' Aosta 25 12543 24726 317
Basilicata 10 985 1946 160
Puglia 10 577 1138 63
Emilia Romagna 10 122 155 9.4

gles, and lowest when the control points were as
distant as possible from the edges of the TIN
mesh (the barycentres of the TIN triangles).
Figure 9a-d and table IV show four test ar-
eas representing different data densities and dif-
ferent morphologies. the absolute RMSE de-
creases from Valle d’ Aostato Emilia Romagna,
while the relative difference between the nodes
RM SE and the barycentres RM SE increases.
These results show that a suitable amount of
random pointsyields a consistent average RMSE
and that the random set allows a significant test.

4.3. The accuracy of the grids for TINITALY/01

Applying the procedure described at 4.2 we
evaluated the error introduced in deriving agrid at
variable step size for al of Italy. The procedure
generated more than 33 million random points
through the 24847 tiles of the TINITALY /01 data-
base. The random points local density is propor-
tional to the local density of TIN nodes. Figure
10a-f represents the RMSE distribution over the
Italian territory for agrid cell size of 10 m, 40 m
and 100 m. The diagram in fig. 10d shows the cu-
mul ative computation of the RM SE for the whole
territory of Italy with cell size varying from 5 m
to 200 m by 5 m steps. By plotting Sope versus
cell size (fig. 10d), it results that the RMSE in-
creases very fast in the 5-30 m range, according to
asecond order polynomial regression

RMSE = 0.00116x>+ 0.03040x + 0.5421
R*=0.999 (4.3)

where 0x is the cell sizein meters and R? is the
correlation coefficient.
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In the 30-200 m interval, the relationship
between RMSE and grid cell size becomes lin-
ear according to the regression function

RMSE = 0.08770x—0.2185 R*=10.999. (4.4)

In order to investigate the significance of the
threshold where RMSE changes its trend, the
same analysis was performed on a grid derived
from 50 m equidistance contour lines (Emilia Ro-
magna Region) and from 5 m equidistance con-
tour lines (Friuli Venezia Giulia Region). In both
cases (fig. 10e/f), the trend change in RM SE ver-
susox function seems related to the contour inter-
vd of the original data(figs. 10e,f respectively for
50 m and 5 m contour intervals). Considering the
adopted random sampling over the entireterritory,
contour lines spaced more than 25 m give astatis-
tical contribution <<1%, and the trend change at
about 30 m (fig. 10d) seems related to the contri-
bution of the 25 m equidistance contour lines.

5. Examples of applications of the model

A major portion of the Italian territory is af-
fected by severe natural hazards (floodings, land-
dides, debris-flows, volcanic eruptions, earth-
quakes). When dealing with environmental stud-
ies, adetailed DEM isessentia for risk manage-
ment, allowing numerical symulations and de-
rived hazard maps (Kenward et al., 2000; Pa-
reschi et al., 2002; Stevens et al., 2003).

The grid step largely influences both the
spatial pattern and the frequency distribution of
derived topographic attributes, such as slope
and catchment areas, or tectonic feature detec-
tion (e.g., Moore et al., 1991; Zhang and Mont-
gomery, 1994; Zhou and Liu, 2004).
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Fig. 10a-f. Distribution over the Italian territory of the RM SE derived from the transformation of the TINITALY/01
into agrid: 8 map of the RMSE for agrid cell of 10 m; b) map of the RMSE for agrid cell of 40 m; ¢) map of the
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We present here some applications based on
the TINITALY/01 DEM:

— In the Vesuvian area (South Italy), the
watershed extraction revealed that the volcanic
apparatus create a sort of natural dam hamper-
ing the drainage of the Nola basin towards the
sea (East flank of the volcano) highlighting a
flooding risk (Favalli et al., 2006b).

— In the western flanks of the Apenninic
Chain in Campania (South Italy) the model was
applied to quantify morphometric parameters
of steep basins providing insight for debris flow
hazard assessment (Pareschi et al., 2000a).

— Inthe areas covered by volcanoclastic de-
posits (i.e. Campania Region) the extraction of
slope maps allowed a preliminary zonation of
areas potentially exposed to debris flows hazard
(dlope >25°) (Bisson et al., 2007).

— In Sicily (South Italy) the TINITALY/01
model was used to orthorectify Landsat images
allowing the extraction of burned area and pro-
viding a method to assess fire-related debris
flow hazard (Bisson et al., 2005).

6. Conclusions

A new detailed DEM of thewhole Itaian ter-
ritory is presented (TINITALY/01). It currently
represents the Itaian national-scale model with
the highest accuracy. We discussed the proce-
dures that allowed the creation of this seamless
DEM starting from a very large heterogeneous
input dataset. We demonstrated that the adopted
DEST interpolation agorithm (Favalli and Pa-
reschi, 2004) provides an unbiased triangulation.

The TIN of Italy consists of 1390 million of
triangles and its accuracy is evaluated by using
ground control points. The map of the vertica
accuracy is presented and discussed considering
both the local morphology and the input data
density. The obtained RM SE ranges from 0.1 m

Fig. 1lab. Perspective views derived from the TIN-
ITALY/01 data base: a) the Dolomiti Mountains (Alps,
NE lItaly) and b) the area around Vesuvius Volcano
(Campania Region). The approximate length of the
foreground base of the perspective images are respec-
tively 32 and 55 km.

Table V. The views of the TINITALY/01 DEM on line (<https.//webgis.pi.ingv.it> temporary address).

Viewed area [llumination View point GRID cell size (m)
Azimuth Elevation  Azimuth Elevation Distance (km)

Alps 90°N 45° 147°N 30° 30000 10

Apennines 315°N 45° 225°N 30° 30000 10

Sardegna 315°N 45° 255°N 30° 30000 10

Sicily 315°N 45° 225°N 30° 30000 10
Va d'Aosta  315°N 45° 90°N 90° = infinite 5

Abruzzo 315°N 45° 90°N 90° = infinite 10
Friuli 315°N 45° 90°N 90° = infinite 5
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to 6 m, the average RMSE for dl Italy is less
than 3.5 m.

The problem of the loss of vertical accuracy
in deriving a grid from a TIN is then discussed.
In general, when a grid is derived from a TIN,
the FFT yields a biased information on the accu-
racy involved. We propose a statistical method to
evaluate the TIN to grid interpolation accuracy
and we provide equations that give resampling
errors as afunction of the grid step ox.

We presented a series of applications of the
DEM for environmental assessment.

Several perspective and zenithal stereo im-
ages (anaglyph mode) have been generated
from the DEM (fig. 11ab and table V) and
arranged for online navigation using the free-
ware Common Gateway Interface MapServer
(<http://mapserver.gis.umn.edu> accessed on
July 2007). On request, internet navigators can
browse stereo views of the Italian landscape at
<https://webgis.pi.ingv.it> (temporary address).
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