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1.	 Introduction

The roughness of natural surfaces on the 
Earth and on terrestrial planets is defined as the 
topographic expression of a surface at horizon-
tal scale from sub-metre to hundreds of metres 
(Shepard et al., 2001). It strongly affects the 
brightness, polarization and angular scattering 
properties of reflected and emitted energy in 
optical, infrared and microwave remote sens-
ing applications (Campbell and Shepard, 1996; 
Akiyama and Sasaki, 2002; Butler et al., 
1998). Topographic data for wide areas are 
derived from optical and radar sensors mount-
ed in airplane or satellite platform in planetary 
geology and in volcanology (Orosei et al., 

2003; Mazzarini et al. 2005; 2007; Morris et 
al., 2006). In the field of volcanology, the 
structure and roughness of lava flows provide 
information on flow emplacement parameters 
and on flow rheology (Bulmer et al., 2001; 
Morris et al., 2006; Pesci et al., 2007), or de-
fining ground deformation patterns in lava 
fields by using InSAR data (Briole et al., 1997; 
Amelung et al., 2000; Froger et al., 2001; Ste-
vens et al., 2001). Topographic data of vol-
canic surfaces are gathered from laser profilers, 
line and transit, stereo-photography, differen-
tial GPS methodologies (Shepard et al., 2001), 
as well as through very high resolution multi-
beam technique in marine and crater lake vol-
canoes (Anzidei et al., 2006; Anzidei et al., 
2008; Morgan et al., 2003).

The smooth or rough appearance of a sur-
face is a function of the incident energy wave-
length (l). Following the Rayleigh Criterion, a 
surface is smooth if h < l/8cosq, where h is 
the standard deviation of surface relief and q is 
the incident angle; surface roughness is crucial 
for microwave applications since the used 
wavelengths may vary between 1 to 100 cm 
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on its southern flank as well as new fractures 
along the north-eastern slope, with the produc-
tion of significant volumes of tephra (Tad-
deucci et al., 2002; Behncke and Neri, 2003a; 
2003b; Andronico et al., 2005; Allard et al., 
2006). The latter are composed by non-vesic-
ular to highly vesicular glass, crystals (plagi-
oclase, pyroxene and olivine), lithic clasts 
(altered volcanic and sedimentary rocks) and 
tachylite clast. The ash comprised tachylite, 
sideromelane, crystals and lithic clasts, the 
relative proportions of which changed through-
out the eruption. Generally, lithic and crystal 
contents of 2002-2003 eruptions were lower 
than during the 2001 eruption (Taddeucci et 
al., 2002; Andronco et al., 2005). Copious te-
phra covered the flanks of the volcano, par-
ticularly on its eastern and south-eastern sec-
tors, due to the prevailing wind direction that 
driven its deposition (Favalli et al., 2004). 
More information on the recent eruptive his-
tory along with a daily update of Mt. Etna ac-
tivity, is available at the INGV website (www.
ct.ingv.it). 

(Janza et al., 1975; Shepard et al., 2001). 
Natural volcanic surfaces like pāhoehoe basal-
tic lava flows have an average roughness value 
of 11.04 +/- 5.47 cm (Campbell and Shepard, 
1996; Shepard et al., 2001), and the roughness 
of ‘a‘ā flows (spiny and blocky surfaces) is 
expected to be higher than that of pāhoehoe 
flows (a few centimetres to several tens of 
centimetres). Smoother surfaces are expected 
for pyroclastic products that often drape the 
flanks of large volcanoes. In unconsolidated 
deposits (such as pryroclastic deposits) at the 
scale of observation of millimeters or meters 
the change in grain size may result in a sig-
nificant change in the surface texture and sur-
face roughness.

In order to analyze and define the surface 
roughness of the volcanic rocks at Mt. Etna, a 
field survey was done in September 2005 to 
acquire topographic information on surfaces 
0.5 - 1 m wide. The surface topography was 
acquired by using a portable terrestrial 3D La-
ser Scanner, producing detailed digital eleva-
tion models of volcanic surfaces up 0.7 m wide 
with vertical resolution less than 0.5 mm. This 
contribution focuses on pyroclastic deposits 
(scoriae, lapilli and ash) erupted in the last few 
years (2000-2003) that mantled the eastern and 
southern flanks of the volcano (Andronico et 
al., 2005; Casacchia et al., 2006; Sgavetti et al., 
2006). In the following we refer to these pyro-
clastic deposits as tephra. 

The presented analysis of high-resolution 
digital elevation models of tephra on active 
volcanoes could thus represent a powerful tool 
to identify pyroclastic cover in active volca-
noes; this approach could be especially useful 
in remote and inaccessible volcanic areas.

2.	 Mt. Etna test sites

Mt. Etna (fig. 1), located on the east coast 
of the island of Sicily (Italy), with a basal di-
ameter of about 40 km, is the highest volcano 
in Europe. Its activity is characterised by ef-
fusive and some explosive summit and flank 
eruptions (Branca and Del Carlo, 2004; Beh-
ncke et al., 2005). Recently, during the 2001 
and 2002-2003 eruptions, new vents formed 

Fig.	 1.	 The Konica Minolta VI-910 3D digitizer 
mounted on the tripod elevated about 1 m above the 
ground surface covered by coarse grained tephra, 
just north of the 2002-2003 vents (Sample S8 in fig. 
2). Green box (GB) and red labels (RL) below the 
Laser 3D are used as reference features. The green 
canvas in the foreground is used to reduce the envi-
ronment illumination.
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of the S10 sampled surfaces are covered by 
tephra, respectively. Sample 11 (S11) is lo-
cated at about 4 km south-south east of the 
2002-2003 eruptive vents at an elevation of 
1812 m (fig. 2). Grain size of such a distal 
tephra is in the range 0.25 - 0.10 mm (Casac-
chia et al., 2006). For each sampled site, the 
photo of the viewed area is acquired and from 
elevation data a shaded relief image is derived 
(fig. 3). All the measurements have been col-
lected using the WIDE lens in use with the 
instrument.

4.	 Surface roughness

In order to qualitatively describe the surface 
roughness the Root Mean Square of Heights 
(s), the Allan Deviation (n), and the autocorre-
lation Length (l) have been computed for each 
sample see (Shepard et al., 2001).

The Root Mean Square of Heights (s) is 
defined as:
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where z(xi) is the elevation of point in position 
xi, Z  the average elevation and n is the number 
of points. The s was computed over the whole 
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where z (xi) is the elevation of point of position 
xi, n is the number of points, and D x is the lag 
used. The function n (D x) is computed averag-
ing both horizontal and vertical de-trended 
profiles derived from 3D Laser scansion.

The autocorrelation function was computed 
over horizontal and vertical de-trended profiles 

3.	 Data acquisition

The local morphologies of volcanic sur-
faces formed by tephra and by lava with vari-
able amount of tephra coverage have been 
derived by a 3D scansion of the surface by a 
terrestrial Laser scanner device. We used a 
Konica Minolta VI-910, which is a remote 
non-contact 3D digitizer (www.konicaminol-
ta-3d.com), to derive through Laser triangula-
tion x, y and z coordinates of imaged objects. 
The objects are scanned by a plane of laser 
light launched from the VI-910’s source aper-
ture. The Laser light (690 nm) is reflected 
from the surface of the scanned object and 
registered by the instrument. Each scan line is 
observed by a single frame and captured by a 
CCD camera. The surface shape is converted 
to a grid of over 300,000 vertices (connected 
points). The VI-910 is provided with three in-
terchangeable lenses that can accommodate 
measurement of objects of various sizes and 
distances from the lens. A single scan is capa-
ble of capturing an angular field of view of 
approximately 10 cm2 (TELE lens) to 0.8 m2 
(WIDE lens). The scansion has an accuracy of 
0.22 mm in x, 0.16 mm in y and 0.1 mm in z 
axis for the TELE lens with 300,000 vertices. 
The WIDE lens accuracy is 1.4 mm along x, 
1.04 mm along y and 0.4 mm along z; the z 
axis is the optical axis of the laser scanner. 
During measurements, the laser is mounted on 
a tripod and positioned at nadir with respect to 
the surface (fig. 1). In such a way, the z values 
are the elevation of the surfaces. The surfaces 
sampled at Mt. Etna have areas in the range of 
0.17 – 0.24 m2 imaged at a distance of about 
90- 100 cm.

The topography of surfaces mantled by 
tephra was sampled in four sites (fig. 2). Sam-
ple 8 (S8) is located at about 0.4 km north of 
the 2002-2003 eruptive vents at an elevation 
of 2930 m. Grain size of such a proximal te-
phra is in the range 4-2 mm with some scoria 
up to 16 mm (Casacchia et al., 2006). Sam-
ples 9 (S9) and 10 (S10) are 2 km north-west 
of the 2002-2003 vents at an elevation of 3016 
m overemplaced the 1999 lava field (Calvari 
et al., 2002). The 48 % of the S9 and the 84 % 
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the scale of the x and y axes by a factor r must 
be compensated for in the z direction by a 
factor r H, where H is the Hurst exponent (0 < 
H < 1). In the case H = 0, the n (D x) or s (D x) 
are independent of the scale of observation 
(the profile length, for example). The case 
H = 0.5 is often observed in nature and often 

as function of the D x lag as described in 
(Shepard et al., 2001). The autocorrelation 
length (l) is thus defined as the distance or lag 
for which the autocorrelation reduces to 1/e i.e. 
of ~37%. 

Topography of natural surfaces is as-
sumed to be self-affine such that increasing 

Fig.	 2.	 Location of sampled sites at Mt. Etna. The shaded image is derived from September 2004 LiDAR el-
evation data (Mazzarini et al., 2007). SC: summit craters; 02/03v: vents formed during the 2002-2003 eruption 
(Andronico et al., 2005). Image is illuminated from north and georeferred in UTM projection, Zone 33 N, WGS 
84 datum, labels in left and in bottom sides of figure are UTM coordinates (m).
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Fig.	 3.	 Left column: RGB 24 bit colour images of the sampled surfaces acquired during 3D Laser scansion by 
a CCD camera. Right column: Shaded images (illumination from the top) of the digital elevation models of 
sampled surfaces. Scale bar shown on the top left corner image, is the same for all images. Coloured boxes and 
panels on figures (blue areas on shaded images) are reference features used to construct DEM of surfaces. The 
white arrows show North.
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5.	 Discussion

The computed s and l well define the sur-
face roughness as confirmed also by visual in-
spection (fig. 3). The S8 sample has s (4.3 mm) 
and l (9.8 mm) that well describe the surface 
mainly constituted by scoriae of about 5-10 mm 
in size (fig. 3; table I). Sample S9 (48% of te-
phra coverage) has the highest value of s and an 
intermediate value of l (table I). These values 
are well explained by the presence of large por-
tions of lava (fig. 3). Sample S10 (84% of tephra 
coverage) has s lower than that of S9 and l 
similar to S9 (fig. 3 and table I). Finally, the S11 
sample, whose surface is formed by small size 
objects (up to few mm; fig. 3), has the highest l 
value and s values much higher than the grain 
size (table I). The anomalous behaviour of the s 
value in the S11 sample depends on the wavy 
pattern of the overall surface which masks the 
very small components due to the low grain size 
of the particles on the surface (fig. 4a). 

According to equation (4.1), s can be also 
computed for small portions (D x2) of the sam-
pled surface. The curves s (D x) versus D x for 
the four samples are plotted in fig. 4b. In this 
way, it is possible to visualize the length range 
for which the large scale wavy patterns have 
low influence. At centimetre scale the S8 and 

referred as Brownian noise (Turcotte, 1997). 
Finally, the H = 1 case, results in a self-simi-
lar behaviour of topography, that is z scales 
as x and y. Visually, the effect of this prop-
erty is that surfaces with H > 0.5 look 
smoother than surfaces with H < 0.5 (Shepard 
et al., 1995; Campbell and Shepard, 1996; 
Shepard and Campbell, 1999; Shepard et al., 
2001). The Hurst exponent is related to the 
commonly used fractal dimension D, by D = 
2 – H in the case of a profile and D = 3 – H, 
for a surface.

For an ideal fractal, the conventional param-
eters s and n, among other, change with scale, 
while H is strictly the same. 

In order to derive H, we start by computing 
n, as in (4.2), for different values of the step 
size D x. If topography is indeed self-affine, 
equation (4.3) holds:

	
n Dx( ) = C × DxH 	 (4.3)

where C is a constant.
Thus, H is derived as the slope of the best fit 

line of log n (D x) vs. log Dx. The computation 
of H is done in the length range where the curve 
exhibits a linear trend. In table I all the com-
puted parameters in the four sampled sites are 
listed.

Table I.	 Roughness parameters of investigated sites.

	 Site	 X	 Y	 Z	 A	 tfc	 σ	λ	  H (R2)	 C	 H range		
		  (m)	 (m)	 (m)	 (m2)	 %	 (mm)	 (mm)			   (mm)

S8 499943 4176781 2930 0.21 100 4.3 9.8 0.58 (0.99)
0.15 (0.98)

0.0763
0.4562

1.8 – 6.3
9.9 – 63.9

S9 498625 4177813 3016 0.17 48 17.1 37.4 0.67 (0.99)
0.35 (0.99)

0.0966
0.512

1.2 – 16.8
17.4 – 154.8

S10 498624 4177820 3016 0.20 84 7.8 37.4 0.66 (0.99)
0.38 (0.99)

0.2586
0.1394

1.5 – 21.5
32 – 138.5

S11 501060 4172487 1812 0.24 100 8.6 64.4 0.47 (0.99)
0.77 (0.99)
0.63 (0.99)

0.2704
0.5947
0.3365

1.6 – 10.4
15.2 – 68
68.8 – 144

X: easting, Y: northing; Z: elevation (Projection UTM 33 – Datum WGS 84); A: sampled surface area; tfc: te-
phra coverage; σ: Root Mean Square of Heights;λ: autocorrelation Length; H: Hurst exponent; R2: coefficient 
of correlation in the relative range (H range); C: normalization constant in equation 3. 
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Fig.	 4a-c.	 a) Plot of elevations (z) versus length (Δx) along de-trended horizontal profiles in the middle of the 
surfaces of samples S8 and S11. Note that large wavelength dominates in the distribution of heights in the S11 
surface. b) Plot of σ (Δx) versus Δx for the sampled surfaces. At Δx lower than few centimetres, the surfaces 
S11 and S10 have lower σ  values than S8 and S9 (see text for discussion). c) Log(ν) vs log(Δx) plots for the 
sampled surfaces. The slope of the curves defines the Hurst exponent (H). In each curve, the best fit linear lines 
are outlined and the relative H values are reported. For each sample different H values exist at different scale 
range (see text).

a

b

c
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larger lava blocks (fig. 3). Sample S11 has a 
quite different behaviour. S11 surface has H = 
0.47 at small scale and above a threshold (~10 
mm) it has very high H values (0.63 - 0.77). 
That is, the S11 surface, consisting of very fine 
grain-size tephra (fig. 3), tends to maintain its 
roughness as the scale increases.

Surface roughness has strong control over 
the backscatter signal in microwawe or Radar 
applications (e.g. Shepard et al., 2001). Using 
the equation (4.2), the surface roughness of te-
phra at millimetre to centimetre scales (table I), 
and applying the Rayleigh Criterion (Janza et 
al., 1975; Shepard et al., 2001) we derive the 
roughness of sampled surfaces at the scale of 
radar bands (table II). Overall, tephra surfaces 
are smooth for wavelength larger than 6 cm 
(table II). Fine tephra (S11) look as smooth 
surface for all bands (table II); whereas, coarse 
tephra surface (S8) looks rough for small wave-
length bands (bands Ka, K, table II). Moreover, 
as the fraction of tephra covering lava surfaces 
increases the surface gets smooth even for short 
wavelength (bands X and C, table II). As an 
example, InSAR applications use band C 

S9 samples have high s values, whereas the 
S11 and the S10 samples clearly show low s 
values (fig. 4b). This behaviour is due to the 
presence in the S8 and S9 surface of centimetre 
sized features (fig. 3). On the other hand, S11 
and S10 surfaces are mostly formed by milli-
metre and sub-millimetre sized features (fig. 3).

The presence of small and large scale com-
ponents in the surface roughness is well out-
lined by the computed H exponents. All the 
sampled surfaces depart from a strict power law 
representing the ideal model and show a com-
plex behaviour: they roughen in different ways 
at different scales (table I). Samples S8, S9 and 
S10 have very similar behaviours; they have H 
in the range 0.58 – 0.67 mm at small scale and 
have a transition to H in the range 0.15 – 0.38 
mm at larger scales (fig. 4c and table I). At large 
scale, the S8 sample has very low H = 0.15 
since the surface is dominated by small scale 
(~9 mm) grains (fig. 3); that is, the surface gets 
rapidly smooth as the scale increases. S9 and 
S10 have rather similar exponents at large 
scales (i.e. lengths greater than 22 mm) since 
their surfaces are formed by small tephra and 

Table II.	Surface roughness of sampled tephra in the wavelength of Radar bands.

	Radar 	 λ range	 λ	
θ

	 ν(λ)	 S8	 S8	 S9	 S9	 S10	 S10	 S11	 S11	 S11		
	 band	 (cm)	 (mm)		  (mm)	 H	 H	 H	 H	 H	 H	 H	 H	 H
						      0.58	 0.15	 0.67	 0.35	 0.66	 0.38	 0.47	 0.77	 0.63

Ka 0.8 -1.1 10 45 1.8 4.5 4.0* 5.8* 7.3 2.5* 3.3 1.6* 1.5 2.0

K 1.1 - 1.7 15 45 2.7 5.7 4.3* 7.7* 8.4 3.3* 3.9 1.9 2.1* 2.5

X 2.4 - 3.75 30 45 5.3 8.6 4.8* 12.2 10.7* 5.2 5.0* 2.7 3.5* 3.9

C 3.75 - 7.5 60 45 10.6 12.8 5.3* 19.4 13.6* 8.2 6.5* 3.7 6.0* 6.1

S 7.5 - 15 120 45 21.2 19.2 5.9 31.0 17.4* 13.0 8.5* 5.1 10.2 9.4*

L 15 - 30 240 45 42.4 28.6 6.5 49.1 22.1 20.5 11.1 7.1 17.3 14.6

P 30 - 100 700 45 123.7 53.3 7.6 100.7 32.2 41.6 16.6 11.7 39.5 28.6

ν(λ): Allan Deviation for wavelength λ,  θ: grazing incidence angle;*: values computed in the range of validity 
of the H exponent (see table I). Bold: the surface is rough (ν(λ)<λ/8sin(θ)). Italics: the  surface is smooth.
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els of natural surfaces, permitting to perform 
accurate 1D (profiles) and 2D (surface) mor-
phologic analysis. The change in grain size 
distribution for unconsolidated pyroclastic de-
posits affects the relative surface roughness 
producing thus different surface textures. 
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