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Abstract 

An application of LiDAR (Light Detection and Ranging) intensity for the identification and 

mapping of different lava flows from the Mt. Etna (Italy) active volcano is described. In September 

2004 an airborne LiDAR survey was flown over summit sectors of Mt. Etna. The information 

derived from LiDAR intensity values was used to compare the lava flows with respect to their age 

of emplacement. Analysed lava flows vary in age between those dating prior to AD 1610 and those 

active during the survey (2004-2005 eruptions). The target-emitter distance, as well as surface 

roughness and texture at the LiDAR footprint scale, are the main parameter controlling the intensity 

response of lava flows. Variations in the roughness and texture of surfaces at a meter scale result 

from two main processes, initial lava cooling and subsequent surface weathering; both lead to 

variations in the original surface roughness of the flow. In summary: i) initially, from the time of 

emplacement, the LiDAR intensity of lava flow surfaces decreases; ii) about 6 years after 

emplacement the LiDAR intensity of lava surfaces starts to increase with the age of flows. LiDAR 

capability in terms of geometric (accuracy of ~ 1 m in plan position and less than 1 m in elevation) 

and spectral (LiDAR intensity depends on surface reflection at λ= 1.064 µm) information can thus 

be effectively used to map lava flows and define a relative chronology of lava emplacement. 

 

1 Introduction 

Airborne and satellite altimetric LiDAR (Light Detection and Ranging) has recently become a 

standard tool for collecting high-resolution topographic data on the Earth and planets [e.g. Smith et 
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al., 2001; Harding and Berghoff, 2000; Bamber et al., 2001]. Most LiDAR applications produce 

high-resolution digital terrain models (DEM) with an elevation accuracy better than 1 m. The 

LiDAR altimetric methodology involves analysing the delay time between fired and received 

pulses. The illuminated surface reflects back the fired pulses with a strength defined as intensity. 

The intensity value of the return pulse and the number of reflected pulses are functions of several 

parameters. Some are linked to acquisition conditions such as the emitter-target distance and 

atmospheric attenuation, others are due to the spectral and textural properties of the illuminated 

surface such as surface reflectance, surface roughness and multiple levels of backscattering 

[Schiewe, 2003].  

LiDAR surveys are generally used to map landscape features such as infrastructure (pipelines, 

roads, railway tracks), drainage patterns, coastal areas, damage due to natural hazards, and 

vegetation parameters such as canopy height [e.g. Ritchie, 1995; Nilsson, 1996; Wehr and Lohr, 

1999; White S.A and Wang Y., 2003; McKean and Roering, 2004]. The analysis of multiple return 

pulses is often used to discriminate vegetation canopy (first arrival) from ground (second or last 

arrival) contributions [Haugerund and Harding, 2001]. 

Geological applications of LiDAR principally relate to topographic reconstruction for seismic 

or volcanic hazard assessment [e.g. Ridgway et al., 1997; Harding and Berghoff, 2000]. In active 

volcanic areas close to eruptive vents the problem of vegetation cover is strongly reduced, 

permitting direct imaging of the volcano surface. Ridgway et al. [1997] applied the LiDAR 

methodology to detect subtle vertical ground deformation at Long Valley caldera, California. 

Haugerud et al. [2004] recently monitored the systematic changes in the height of the Mount St. 

Helens volcanic crater, which began in late September 2004 [vulcan.wr.usgs.gov/ 

Volcanoes/MSH/Eruption04/LIDAR/framework.html].  

High resolution digital elevation models are also generated from airborne and satellite InSAR 

data [e.g. Werner et al., 2000]. DEMs derived from LiDAR and InSAR data have been compared in 

order to explore the accuracy of both techniques [Brügelmann and Lange, 2001; Norheim et al., 
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2002]. Overall, LiDAR is more accurate (bias ~0.33 m, and variance ~ 1 m) than InSAR (bias ~1 m, 

variance ~3 m). However, InSAR surveys have lower per-area costs, allow more rapid surveys of 

large areas, are insensitive to local weather conditions, and involve faster post-survey processing 

than LiDAR. 

In literature, very few investigations have used laser intensity (energy reflected by the 

investigated surface) for the definition and analysis of the spectral and textural features of surfaces 

[e.g. Lichti and Harvey, 2002; Tian et al., 2002]. The morphologies of two active lava channels 

flowing into the Valle del Bove were imaged by LiDAR and mapped through a combination of 

derived topography and LiDAR recorded intensities [Mazzarini et al., 2005]. 

Spectral surface characteristics can also been retrieved from high resolution hyperspectral 

sensors and IR aerial photographs, as for example for mineral mapping [e.g. van Ruitenbeek et al., 

2006]. LiDAR data in addition to the standard remotely sensed systems can provide at the same 

time spectral data and detailed topography. 

Here, we report on a near-infrared (1.064 µm) laser altimetry survey flown in September 2004 

over the summit area (160 km2) of Mt. Etna, eastern Sicily (Italy).  

Our attention is focused on the use of LiDAR intensity information for lava flow 

discrimination. Lava flows of known age, extension, and location were used to decipher the 

variations in LiDAR intensity values. Most analysed lava flows are a’ā’ type flows. Intensity values 

decrease with lava age in the most recent mapped lava flows (about the last six years of Mt. Etna 

activity), but markedly increase with age in those erupted more than six years ago. The observed 

relationships between lava flow age and lava flow LiDAR intensity (mainly relating to a’ā’ type 

flows) are discussed in terms of lava surface roughness, oxidation processes and surface 

weathering. 

 

2. LiDAR concepts 
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The airborne LiDAR instrument transmits laser pulses while scanning a swath of terrain. Pulses 

are usually centred on, and co-linear with, the flight path of the aircraft in which the instrument is 

mounted. The scan direction is orthogonal to the flight path. The round-trip travel time of laser 

pulses from the aircraft to the ground is measured with a precise interval timer. The time intervals 

are converted into range measurements, i.e. the distance between the LiDAR instrument and the 

ground target, taking into account the velocity of light. The position of the aircraft when firing the 

pulse is determined using a differential Global Positioning System (GPS). Rotational positions of 

the laser pulse direction are combined with aircraft roll, pitch and heading values determined 

through an Inertial Navigation System (INS), and with range measurements to obtain range vectors 

from the aircraft to ground points. When these vectors are combined with the aircraft positions they 

yield accurate coordinates of points on the surface of the terrain [e.g. Baltsavias, 1999; Wehr and 

Lohr, 1999]. 

 

3. Site test, LiDAR survey and data pre-processing 

Mt. Etna (Figure 1), located on the east coast of the island of Sicily, Italy, has a basal diameter 

of about 40 km and is the highest volcano in Europe with an elevation of about 3350 m. In the last 

six years there have been numerous eruptions accompanied by effusive and moderate explosive 

activity [Calvari et al., 2002; Behncke and Neri, 2003a,b; Andronico et al., 2005; Mazzarini et al., 

2005]. In the last century several eruptions have occurred from both summit and flank vents 

[Branca and Del Carlo, 2004; Romano et al., 1979], producing numerous composite lava fields 

[e.g., Rittmann, 1973; Romano, 1982; Acocella and Neri, 2003]. Additional information about 

historical lava flows on Mt. Etna, along with a daily update of Mt. Etna activity, is available on the 

Catania INGV website [www.ct.ingv.it/Etna2004/ Default.htm]. 

On 16th September 2004, from 7:00 to 8:30 a.m. (Local Time), an aircraft fitted with an Optech 

ALTM 3033 laser altimeter [http://optech.on.ca] flew over the summit area of Mt. Etna. The 

airborne laser altimeter allows us to determine the position (x,y,z) of scattering points (first and 
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second echoes) on the surface of the volcano as well as the echo intensity. The ALTM 3033 

(Optech®) laser altimeter has the following characteristics: 33000 pulses per second; operating 

altitude of 80 to 3500 m; maximum scan angle of ± 40°; horizontal accuracy: of 1/2000 x altitude, 1 

sigma; elevation accuracy of ± 15 cm at 1.2 km, 1 sigma, and of ± 35 cm at 3000 m, 1 sigma; scan 

frequency of up to 40 kHz. Measurements were made at a frequency of about 33000 Hz, resulting in 

a mean ground point density of 1 point per 5 m2 (generally one point every 2.2 x 2.2 m2). The 

resulting DEM, geocoded to a UTM-WGS 84 projection, has an elevation accuracy of ± 0.40 m and 

a horizontal accuracy of ± 1.5 m. The laser altimeter operates in the NIR region of the 

electromagnetic spectrum (λ= 1.064 µm). 

The LiDAR survey consists of more than 1.05 x 108 points, with an average intensity of 7.4 

intensity units (see below). The total points (echoes) are distributed in twenty-one NNE-SSW 

trending strips covering the Mt. Etna summit and parts of its eastern and western flanks (Figure 2). 

The intensity measurement of the ALTM has arbitrary units, and readings can range from 0 to 

5120. The reading is linearly proportional to the peak watts of optical power received in the 

reflected pulse; an intensity reading of 20 units therefore represents twice the peak optical power of 

one of 10 units. 

The intensity reading theoretically depends on surface reflectance (which, in turn, depends on 

whether the object is wet or dry), atmospheric transmission, and the local incidence angle. LiDAR 

data, however, apparently show low dependence on the local incidence angle [e.g. Kaasalainen et 

al., 2005]. For a non-Lambertian surface (i.e. smooth or glossy man-made surfaces or wet surfaces), 

weaker return reflections are expected as the local angle of incidence increases. Natural surfaces 

such as those of volcanic units behave as Lambertian reflectors within the range of adopted 

incidence angles. A Lambertian surface will return the same signal strength irrespective of the 

incidence angle. Observed LiDAR intensities around scoria cones on the southern flank clearly 

show symmetric intensity value distributions around the cones (Figure 3a). Similarly, variations in 

the intensity of lava flow structures (channels and lobes; Figure 3a) are most likely controlled by the 
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different features of lava fields and lava flows and by variations in the terrain-airplane distance 

rather than by differences in the angle of incidence.  

In order to check the influence of the local angle of incidence on of the LiDAR intensity, we 

analyse the LiDAR echoes relative to the eastern and western sides of the large scoria cone in the 

centre of Figure 3a. These areas are similar in both surface material and slope. The echoes of 

LiDAR used in this analysis are those acquired by the detector along an aircraft trajectory eastward 

to the cone (black line in Figure 3a). In respect with the aircraft trajectory, the zone facing the 

detector (eastern zone, z1 in Figure 3a) has local incidence angles very different from those of the 

zone facing away from detector (western zone, z2 in Figure 3a). Using the flight data and the DEM 

derived from LiDAR data we calculate the intensity values for the echoes of the two zones along 

with the local incidence angles. The z1 zone (area= 5740 m2; number of echoes = 1904) has average 

LiDAR intensity of 3.6 intensity units (iu) with standard deviation of 1.0 iu and range 1-11 iu. The 

local incidence angle θl varies in the range 1.5° - 29.1° with average 18.4° and standard deviation 

5.5°. The z2 zone (area= 18000 m2; number of echoes = 2289) has average LiDAR intensity 3.2 (iu) 

with standard deviation 1.2 iu, and range 1-11 iu; the local incidence angle θl varies in the range 

16.7° - 51.3° with average 40.7° and standard deviation 7.2°. The average LiDAR intensities for z1 

and z2 zones are very similar despite the great variation of the local incidence angles. These data 

confirm that slope introduces minor effects on intensity.  

Intensity is normalized with respect to the terrain-airplane distance. The intensity level changes with 

the inverse square of the distance, because light from the surface is reflected into a solid angle of 2π 

steradians (a hemisphere). A LiDAR receiver at a distance d intercepts a fraction of the reflected 

light in relation to the area of the receiver. The fraction of light collected by the LiDAR receiver is 

proportional to the ratio of the area of the receiver (A) to the surface area of the hemisphere (4πd2). 

Hence the inverse range-squared dependence [Raymond, 1992].  

Mt. Etna LiDAR intensities (Figures 3a and 4a) were normalized to a standard distance of 1000 

m, scaling all intensities by a factor of (d/1000)2, where d is the slant range in metres. The distance 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

8 

normalisation of the LiDAR intensity image allows us to produce a very effective map of LiDAR 

intensities for Mt. Etna (Figures 3b and 4b).  

Atmospheric absorption plays a minor role. The formula for atmospheric transmission is: 

 

ln(I/Io) = -(2/cosθ) ∫kρ(z)dz      (1) 

 

where the factor of 2 accounts for two-way transmission through the atmosphere. Io is the clear air 

signal, θ is the slant angle, ρ(z) is the air density as a function of vertical distance integrated from 

the aircraft to the terrain, and k is the opacity or absorption coefficient, and it is function of the 

operating wavelength, flight altitude and atmospheric conditions. Let I1 and I2 be the intensities 

reflected by two similar surfaces at the same distance from the aircraft. From (1) it follows that: 

 

∆ln(I1/I2) = -2k∆(δP)         (2) 

 

where ∆(δP) is the uncertainty in the pressure difference (δP) between the ground and the aircraft. 

In the 0-14000 m range, with respect to a standard adiabatic atmosphere [Lide, 1991], maximum 

pressure fluctuations are smaller than 30-40 mbar [Martin et al., 1999]. Flight data indicate that 

clear atmospheric conditions occurred during the September 2004 survey (elevations in the range 

2000-4000 m, minor aerosol presence, visibility > 10 km; pressure of 1018 mbar). 

At the LiDAR operating wavelength (λ = 1.064 µm), k is expected to have typical values of 0.5-1.0 

10-4 mbar-1. Consequently, in our case, applying equation (2), maximum intensity fluctuations 

related to pressure fluctuations are less than 1%. Indeed, the LiDAR wavelength (λ = 1.064 µm) is 

in a very clear atmospheric window [e.g. Manual of Remote Sensing, 1975]. 

We analysed the intensity of different portions of the September 2004 active lava flow in the Valle 

del Bove with respect to the distance from the aircraft, after applying the normalized inverse-square 
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distance correction. Data cluster around a mean normalized intensity value, showing no further 

correlation with distance (Figure 5). We therefore assume that no appreciable atmospheric 

absorption occurred, and that the LiDAR normalised intensity was more greatly influenced by 

variations in surface properties than by atmospheric effects. 

 

4. Normalized LiDAR intensities of lava flows at Mt Etna 

Some historical lava flows at Mt. Etna were analysed using both LiDAR-derived DEM and 

LiDAR intensities, as described in Mazzarini et al. [2005]. Factors that may contribute to 

differences in the LiDAR normalized intensity of lava flows are the spectral behaviour of basaltic 

lava flows and the surface roughness of flows. These factors will be discussed before analysing the 

intensity values of several historical lava flows. 

4.1. Spectral behaviour of lava flows 

The intensity of LiDAR echoes is also a function of surface reflectance. Several spectra of 

rocks and minerals are available on the internet, for example on the USGS web site 

[http://speclab.cr.usgs.gov/composition]. The analysed flows are basalts, and the spectral 

characteristics of basaltic rocks are described in the literature [e.g. Clark, 1999 and references 

therein]. Using the USGS spectral libraries, reflectance values of basalts in the NIR wavelength 

range (λ = 1.064 µm) are compared to the reflectance of rhyolites, vegetation and typical oxidation 

minerals on lava surfaces (Figure 6). In the spectral range of the LiDAR, basalts generally show low 

reflectance values with respect to evolved lava (e.g. rhyolite). Reflectance of basalt at Mt. Etna has 

very low value, less than 15-20% [e.g. Sgavetti et al., 2006]. Despite the compositional differences 

in erupted lavas, varying from Tholeiitic basalts to Trachytes [Corsaro and Pompilio, 2004], the 

most relevant variations in spectra of lavas at Mt. Etna are linked to lava surface alteration and 

oxidation processes [Sgavetti et al., 2006; Casacchia et al., 2006]. High reflectance values are 

attained by vegetation (grass, scattered bushes and lichen patches) and by some mineralogical 
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phases typical of lava surface oxidation, as for examples jarosite, hematite, and goethite [e.g. 

Mazzarini et al., 2001].  

Vegetation canopy occurs on the flanks of Mt. Etna below the elevation of about 2000 m. [Poli 

Marchese and Patti, 2000]. The effects of tall vegetation canopy (e.g. woods) can be filtered out 

due to the capacity of the LiDAR technique to discriminate between the first and subsequent return 

signals [Haugerund and Harding, 2001]. Thus, the occurrence of tall vegetation decreases the 

intensity of ground echoes. Conversely, echoes from low vegetation (especially grass and meadows) 

are difficult to discriminate from echoes of ground and they can significantly modify the LiDAR 

spectral response. In order to investigate the effects of climatic conditions on the distribution of 

vegetation at Mt. Etna, the LiDAR normalised intensity was sampled at different elevations along 

some flows (2002, 2001, 1983 and 1865 flows). The normalised intensity of the 2002 flow is almost 

independent of elevation (Figure 7), whereas the intensities of the 2001, 1983 and 1865 flows 

increase markedly with decreasing elevation, especially below about 1500 m of elevation (Figure 

7). The increase in normalised LiDAR intensity at low elevations is ascribed to the occurrence of 

low vegetation (mainly grass and meadows). 

 

4.2. Lava flow surface roughness 

Surface roughness and its scale dependence control brightness as well as the polarization and 

angular scattering properties of reflected and emitted energy. In particular, the smooth or rough 

appearance of a surface is a function of the incident energy wavelength (λ). Following the Rayleigh 

Criterion, a surface is smooth if h < /8cosθ, where h is the standard deviation of surface relief and 

θ is the incident angle [e.g. Manual of Remote Sensing, 1975; Shepard et al., 2001]. 

Campbell and Shepard [1996] and Shepard et al. [2001] investigated the surface roughness of 

several basaltic lava flows in terms of root mean square height, slope, and autocorrelation length. 

They showed that pāhoehoe basaltic lavas have an average roughness value of 11.04 cm (+/- 5.47 

cm). The roughness values of ‘a‘ā flows (spiny and blocky surfaces) are thus expected to be higher 
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than those of pāhoehoe flows. Such roughness values (a few centimetres to several tens of 

centimetres) can be assumed for the surveyed surfaces of Mt. Etna. At the LiDAR operating 

wavelength (λ=1.064 µm) all analysed lava surfaces can thus be considered rough. 

The LiDAR survey imaged the summit area of Mt. Etna from an altitude of 1000-4000 m above 

the ground, with a mean strip width of about 1300 m. The LIDAR footprint varied from 0.25 to 

0.90 m. LiDAR echo intensities also depend on the overall texture of the ground area imaged by the 

LiDAR footprint (i.e. footprint texture). Footprint texture is defined by the occurrence of holes, 

scarps and fractured crust that can effectively reduce the overall surface reflection of an otherwise 

continuous surface. Flow surfaces at Mt. Etna are mainly ‘a‘ā lava flows with channels [e.g. 

Chester et al., 1985]. There are only local occurrences of pāhoehoe lava. Surface textures are thus 

very different at the LiDAR footprint scale, varying from the spiny or blocky textures of ‘a‘ā 

clinker to the smooth texture of large plates of pāhoehoe, or to the very smooth surface of airfall 

deposits (Figure 8). 

 

4.3. Lava flows LiDAR intensities at Mt. Etna 

Both raw and normalized intensity data from the September 2004 LiDAR survey of Mt. Etna 

were represented over shaded relief images derived from a digital elevation model of the Etna 

volcano through an HLS (Hue, Lightness, Saturation) transformation [Manual of Remote Sensing, 

1975] (Figure 4). The digital elevation model was constructed by merging the DEM derived from 

LiDAR data with an available 1998 DEM of Mt. Etna [Favalli et al., 2005; Mazzarini et al., 2005]; 

data are expressed in a UTM-WGS84 projection. 

The principal volcanic surfaces in the investigated area are made of  lava flows and airfall 

deposits.  

Airfall deposits can partially or entirely cover underlying lavas, depending on their thicknesses. 

The thickness of the airfall deposits varies according to the direction of the plume at the time of 

explosive activity and to mass eruption rates. In the LiDAR image airfall deposits in particular 
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dropped the southern, eastern and northern flanks of the Mt. Etna Volcano, during the 2001 and the 

2002-2003 eruptions [Taddeucci et al., 2002; Andronico et al., 2005]. In our survey, the area mainly 

affected by airfall depositions is especially the southern rim of the Valle del Bove, (sector a in 

Figure 9). The observed LiDAR intensity values for airfall deposits are low due to their very 

smooth surface (Figure 8c), with an average value of 3.6 ± 0.8 intensity units (iu).  

Lava flows vary in age from the most recent (2004) to those erupted in AD 1610 and prior to 

AD 1300 (Table 1). The lava flows we considered are mainly basaltic ‘a‘ā lava flows [Corsaro and 

Pompilio, 2004] with lava channels and levees [e.g. Chester et al., 1985]. All sampled flows lie in 

the elevations range 1800-3050 m. around the summit of the volcano, particularly in the southern, 

eastern and northern flanks (Figure 10).  

 

The normalized LiDAR intensity values were sampled in small areas on flow levees, on lateral 

expansions of main lava flows and on lava channels for flows of different ages, with particular 

attention to choosing portions of flows mantled by few or no recent airfall deposits (Table 2).  

Data of Table 2 show intensity values for channels, levees and main flow lateral expansions. 

The normalized intensity values of the sampled lava flows (channels, levees and lateral expansions) 

vary from about 39 iu for the active (2004) lava flow to about 5 iu for the 2001 lava flow (Table 2). 

 

Observed data are also shown in an age vs. normalized LiDAR intensity diagram (Figure 11). 

The intensity values decrease from the September 2004 flow (active at the time of data collection) 

to the 2001 flows. In our data set flows erupted in early 2002 have the lowest normalized intensity 

values. Normalized intensity increases systematically with age for flows erupted prior to 1999, 

reaching very high values (about 30 iu) for the AD 1610 lava flow. The 1999 flow marks the 

division between two rough trends. The two opposite trends in the age-intensity plot of Mt. Etna 

lava flows are common to lava channels, levees and lateral expansions (Figure 11), suggesting a 

general process of lava flow evolution.  
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We extended the analysis of the LiDAR normalised intensity also to other surfaces of Mt. Etna, 

where lava flows and fall out deposits are unevenly distributed. All lava flows listed in Table 1 were 

randomly sampled (Table 3). Most of these flows are covered by a thick layer of airfall (Figures 2, 9 

and 10). The plot reporting flow ages against the LiDAR normalised intensity highlights two rough 

trends. LiDAR normalized intensity values decrease from the actual flow (2004) to the 1999 flows 

(inset in Figure 12), and increase from the 1999 flows to the 1865 flows. Lava flows erupted prior 

to AD 1300 have the highest LiDAR normalized intensity values. It is interesting to note that the 

normalized intensity value of the 1610 flow (‘a‘ā type) is higher than that of the 1614 flow 

(pāhoehoe type). 

 

Profiles across sampled flows (Figure 13) were produced to visualize the normalized intensity 

distribution and morphology of flows. Historical lava flows were identified using both LiDAR-

derived DEM and LiDAR intensities, as described in Mazzarini et al. [2005] for the 2004 active 

lava flow. Along the profiles, most flows have distinctive LiDAR intensities and are well 

differentiated from the bedrock. Table 3 shows averaged (along the corresponding profile) 

normalised intensity values. Normalised intensity values decrease from the actual flow (2004) to the 

1999 flows, and increase from the 1999 flows to the 1865 flows. The most recent flow (2004; 

Figure 13a) has the highest normalized intensity value (about 39 iu), while the 2002 flow (Figures 

13b, c and d) has the lowest one (about 6 iu). Very old lava flows (1610 and lava erupted prior to 

AD 1300, Figures 13c, l, m, n and o) show high normalized LiDAR intensity values. 

 

5. Relationship between flow age and LiDAR normalized intensity 

The analysed data (Tables 2 and 3) allow us to study the complex relationships between 

LiDAR intensity values and flow age starting from a currently active lava flows (the 2004 flow), 

and going back in time to a few centuries ago (1610) and to flows erupted before AD 1300. 
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As a whole, the analysed lava surfaces initially show an inverse correlation with flow age, i.e. 

the younger the flow the higher the intensity. After a few years (apparently 5-6), despite some noise 

due to the presence of airfall, the initially high intensity decreases to the low values seen for the 

2002, 2001 and 1999 flows (Figure 12). 

Flows dating prior to 1999 display a rough increase in the normalized LiDAR intensity with 

age, i.e. the older the flow the higher the observed intensity. This is true for most of the analysed 

flows, although the occurrence of airfall deposits may obscure the trend (Figure 12). 

This qualitative age vs. normalized intensity relationship generally holds true, except for lava 

flows covered by thick airfall deposits derived from the 2002-2003 volcanic activity at Mt. Etna. 

The airfall deposits drape the landscape (Figure 9), homogenising the LiDAR intensity response of 

different lava flow surfaces and lowering the overall intensity. 

Below the elevation of about 1500 m, low vegetation (grass and meadows) affects the overall 

normalised intensity of lava flows; above this limit such vegetation has limited impact (Figure 7). 

All portions of flows listed in Table 1 were sampled above 1800 m.  

 

6. Discussion 

Two roughly opposite trends characterise the intensity-age curve for lava flows at Mt. Etna 

(Figures 11 and 12).  

A few years after the emplacement of a lava flow (about 6 years in our analysis) the normalized 

LiDAR intensity of basaltic lava flow surfaces decreases. This is probably a consequence of the 

increased roughness of the lava surface due to cooling and formation of a well-developed blocky 

texture (‘a‘ā lava flows) or to the formation of fractures on the crust of pāhoehoe lava flows [e.g. 

Kilburn, 2004; Soule et al., 2004] and/or to the loss of glass from the flow surface.  

Long-term age vs. normalised intensity relationships have been also observed. At the scale of 

the LiDAR footprint (i.e. ~1 m) the typical blocky texture of ‘a‘ā lava surfaces presents holes that 

can act as traps for the fired pulses, inhibiting backscatter. With age (older than 6 years in our 
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analysis) the lava blocks (‘a‘ā flows) can break-off and fill the depressions, thereby smoothing the 

surface. 

Post-emplacement lava flow deformation due to thermal contraction and lava compaction has 

also been revealed by interferometric synthetic aperture radar (InSAR) data. Lava flows erupted at 

Okmok Volcano (Alaska) [Lu et al., 2005] show that subsidence due to thermoelastic contraction 

can occur even about 40 yrs after flow emplacement; indeed, this process is still occurring on the 

1958 lava flow. The authors also documented significant surface movements due to lava cooling 

and consolidation 3-4 years after emplacement of the 1997 lava flow. InSAR data for lava flows 

erupted in the Galápagos Islands [Amelung et al., 2000] show lava flow subsidence about 20 years 

after emplacement (Sierra Negra volcano, 1979) and short-term surface modification about 3-5 

years after emplacement (Fernandina (1995) and Cerro Azul (1998) volcanoes). Post-emplacement 

surface modification and subsidence have also been identified in ‘a‘ā flows erupted in 1991-1993, 

1986-1987 and 1989 at Mount Etna by means of InSAR data [Briole et al., 1997; Stevens et al., 

2001 and references therein]. In particular, for Etna ‘a‘ā lava flows, Stevens et al. [2001] proposed 

that short term surface movements due to lava cooling and subsequent generation of fractured lava 

surfaces occur 1-5 years after emplacement, depending on the thickness of the flow. 

These short term surface-modifications could explain the decrease in LiDAR normalised 

intensity detected for the Mt. Etna ‘a‘ā flows observed till the 1999 flows. After about the first 6 

years, other processes become dominant in lava flow resurfacing. Analysed data suggest that 

normalized LiDAR intensity increases with age from the 1999 flows back to the very old volcano 

products; maximum values are attained for very old lavas (those erupted prior to AD 1300). These 

lava surfaces are smooth and weathered, and are characterised by the occurrence of soils covered by 

grass or lichen [e.g. Sgavetti et al., 2006]. We suggest that, after the lava surface cools completely, 

weathering controls the overall reflectance of the surface at the LiDAR scale of observation (i.e. 

about 1.0 m). The formation of soils, and especially low vegetation, strongly increases the intensity 

at the LiDAR wavelength (1.064 µm; Manual of Remote Sensing, 1975). 
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7. Conclusions 

The intensity of echoes recorded by LiDAR systems is generally a complex function of several 

parameters: target-instrument distance, angle of view, local angle of incidence, surface roughness 

and surface composition. An application of LiDAR intensity for the identification and mapping of 

different lava flows in active volcanic areas has been described. 

In September 2004 an airborne LiDAR survey was flown over the summit of Mt. Etna. The 

LiDAR survey at Mt. Etna allowed us to analyse lava flows (mainly ‘a‘ā type) varying in age from 

very old (erupted prior to AD 1300) to active (2004), thus imaging a hypothetical history of lava 

flow surfaces from the time of formation and emplacement. 

The analysed data demonstrate that the target-emitter distance and surface roughness at the 

scale of observation (average LiDAR footprint ~ 1 m) are the main parameters controlling the 

intensity responses of lava flows. LiDAR data are normalised to a reference target emitter distance 

(in this case 1000 m). Owing to this normalisation, the surface roughness is thus the most important 

variable controlling LiDAR intensity. 

It is hypothesised that the roughness of surfaces at the meter scale may results from two main 

processes, lava cooling and surface weathering; both processes lead to the resurfacing of the initial 

lava flow. Lava flow resurfacing is in turn strictly linked to the age of the flow. Such a complex 

relationship is illustrated by the opposite trends in the flow age vs. LiDAR intensity diagram 

(Figures 11 and 12). This relationship holds when the effect of low vegetation (mainly grass) is 

negligible. Climatic control on the development of vegetation become important at elevations below 

1500 m (Figure 7). 

At Mt. Etna, for about 6 years after lava flow emplacement, the normalized LiDAR intensity of 

the lava surface decreases. The normalized intensity subsequently increases with age. We 
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tentatively hypothesize that the change in lava age vs. LiDAR normalised Intensity is due to strong 

resurfacing by weathering, which leads to soil formation and lichen colonisation.  

In the future, more detailed field data on the roughness evolution of cooling lava surfaces is 

required to better define the moment when lava flow resurfacing changes from cooling-dominated 

to weathering-dominated.  

Overall, the well known and monitored Mt. Etna volcano provides an effective natural 

laboratory where the LiDAR technique can be tested in terms of its spectral capability (e.g. LiDAR 

intensity). Clear differences in normalised LiDAR intensity are here observed for the oldest flows 

(highest normalised intensity values), post-1999 flows (intermediate normalised intensity values) 

and more recent historic flows and airfall deposits (lowest normalised intensity values). Active lava 

flows at the time of survey (2004 flow) show high normalised intensity values.  

In summary, we propose that geometric and spectral information derived from LiDAR data can 

effectively help in mapping lava flows in active volcanic areas. In the case of Mt. Etna, LiDAR 

elevation data allow high accuracy morphologic reconstructions, and LiDAR intensity values can be 

used to define the resurfacing history of lava flows, thereby providing an important new tool for 

mapping flows in active volcanic areas and determining a relative chronology. 

 

Acknowledgments. 

The research was supported by fundings from the MIUR Project ‘Sviluppo Nuove Tecnologie per la 

Protezione e Difesa del Territorio dai Rischi Naturali’ and from the Italian Dipartimento Protezione 

Civile to the Istituto Nazionale di Geofisica e Vulcanologia (responsible person: M.T. Pareschi). 

LiDAR data acquisition was performed by Compagnia Generale Ripreseaeree (CGR) SpA (Parma- 

Italy). We are grateful to K. Cashman for discussion and suggestions on an earlier draft. We thank 

L. Keszthelyi, I. Manigetti, S. Rowland, S. Sakimoto and an anonymous reviewer for their 

constructive and fruitful revision. 

 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

18 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

19 

References 

Acocella, V. and M. Neri (2003), What makes flank eruptions? The 2001 Mount Etna eruption and 

its possible triggering mechanisms, Bulletin of Volcanology, 65, 517-529, doi: 10.1007/s00445-003-

0280-3. 

 

Amelung, F., S. Jonsson, H. Zebker and P. Segall (2000), Widespread uplift and ‘trapdoor’faulting 

on Galápagos volcanoes observed with radar interferometry, Nature, 407, 993-996. 

 

Andronico, D., S. Branca, S. Calvari, M. Burton, T. Caltabiano, R.A. Corsaro, P. Del Carlo, G. 

Garfi, L. Lodato, L. Miraglia, F. Muré, M. Neri, E. Pecora, M. Pompilio, G. Salerno, and L. 

Spampinato (2005), A multi-disciplinary study of the 2002-03 Etna eruption: insights into a 

complex plumbing system, Bulletin of Volcanology, 67, 314-330. 

 

Baltsavias, E.P. (1999), Airborne laser scanning: basic relations and formulas. ISPRS Journal of 

Photogrammetry & Remote Sensing, 54, 199-214. 

 

Bamber, J.L., S. Ekholm and W.B. Krabill (2001), A new, high-resolution digital elevation model 

of Greenland fully validated with airborne laser altimeter data, J. Geoph. Res., 106, 6733-6745. 

 

Behncke, B., and M. Neri (2003a), The July-August 2001 eruption of Mt. Etna (Sicily), Bulletin of 

Volcanology, 65, 461-476. 

 

Behncke, B. and M. Neri (2003b), Cicles and trends in the recent eruptive behaviour of Mount Etna 

(Italy), Can. J. Earth Sci., 40, 1405-1411. 

 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

20 

Branca, S. and P. Del Carlo (2004), Eruptions of Mt. Etna during the past 3200 years: A revised 

compilation integrating the historical and stratigraphic records, In: Bonaccorso A., Calvari S., 

Coltelli M., Del Negro C., Falsaperla S. (eds.), Mt. Etna: Volcano Laboratory, Geophysical 

Monograph Series, 143, 1-27. 

 

Branca, S., M. Coltelli and G. Groppelli (2004), Geological evolution of Etna Volcano, In: 

Bonaccorso A., Calvari S., Coltelli M., Del Negro C., Falsaperla S. (eds.), Mt. Etna: Volcano 

Laboratory, Geophysical Monograph Series, 143, 49-63. 

 

Briole, P., D. Massonnet and C. Delacourt (1997), Post eruptive deformation associated with the 

1986-1987 and 1989 lava flows of Etna detected by radar interferometry, Geoph. Res. Lett., 24, 37-

40. 

 

Brugelmann, R. and R. de Lange (2001), Airborne laserscanning versus airborne InSAR – a quality 

comparison of DEM’s, OEEPE Workshop on Airborne Laserscanning and Interferometric SAR, 

Stockholm, 2001. http://wwwgeomatics.kth.se/~fotogram/OEEPE/oeepe_laser_main.htm. 

 

Calvari, S., M. Neri, and H. Pinkerton (2002), Effusion rate estimations during the 1999 summit 

eruption on Mount Etna, and growth of two distinct lava flow fields, J. Volcanol. Geotherm. Res., 

119, 107-123.  

 

Campbell, B.A. and M.K. Shepard (1996), Lava flow surface roughness and depolarized radar 

scattering, J. Geoph. Res., 101, 18941-18951. 

 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

21 

Casacchia, R., F. Mazzarini, C. Spinetti, L. Colini, M. Neri, B. Behncke, M.F. Buongiorno, V. 

DeSantis, A. Grignetti and R. Salvatori (2006), Riflettanza di superfici vulcaniche: la campagna 

2003 sul Monte Etna, Rivista Italiana di Telerilevamento, 36, in press. 

 

Chester, D.K., A.M. Duncan, J.E. Guest and C.R.J. Kilburn (1985), Mount Etna: The anatomy of a 

volcano, Chapmann and Hall, London, 1-404. 

 

Clark, R.N. (1999), Spectroscopy of Rocks and Minerals, and Principles of Spectroscopy, in: 

Manual of Remote Sensing, Chapter 1, John Wiley and Sons, Inc A. Rencz, Editor New York 1999, 

also available at http://speclab.cr.usgs.gov. 

 

Corsaro, R.A. and M. Pompilio (2004), Dynamics of magmas at Mount Etna, In: Bonaccorso A., 

Calvari S., Coltelli M., Del Negro C., Falsaperla S. (eds.), Mt. Etna: Volcano Laboratory, 

Geophysical Monograph Series, 143, 91-110. 

 

Favalli, M, M.T. Pareschi, A. Neri and I. Isola (2005), Forecasting lava flow paths by stochastic 

approach, Geoph. Res. Lett., 32, L03305, doi:10.1029/2004GL021718. 

 

Harding, D.J. and G.S. Berghoff (2000), Fault scarp detection beneath dense vegetation cover: 

Airborne lidar mapping of the Seattle fault zone, Bainbridge Island, Washington State, Proceedings 

of the American Society of Photogrammetry and Remote Sensing Annual Conference, Washington, 

D.C., May 2000, 1-11, distributed on CD-ROM, available at http://pugetsoundlidar.org. 

 

Haugerund, R.A. and D.J. Harding (2001), Some algorithms for virtual deforestation(VDF) of Lidar 

topographic survey data, Proceedings of ISPRS workshop in Annapolis, MD, October 2001, also 

available at http://pugetsoundlidar.org.  



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

22 

 

Haugerund, R. A., D.J Harding and L. Mark (2004), Mount St. Helens, Washington- Eruption 2004 

- LIDAR September 2003 to November 20, 2004, http://vulcan.wr.usgs.gov/Volcanoes/MSH/ 

Eruption04/LIDAR/.  

 

Kaasalainen, S., E. Ahokas, J. Hyyppa, J. Suomalainen (2005), Study of surface brightness from 

backscattered laser intensity: calibration of laser data, Geoscience and Remote Sensing Letters, 

IEEE, 2, 255-259. 

 

Kilburn, C.R.J. (2004), Fracturing as a quantitative indicator of lava flow dynamic, J. Volcanol. 

Geotherm. Res., 132, 209-224. 

 

Lichti, D.D. and B.R. Harvey (2002), The effects of reflecting surface material properties on time-

of-flight laser scanner measurements, Symposium on Geospatial Theory, Proceedings and 

Applications, Ottawa. 

 

Lide, D.R. (1991) Handbook of Chemistry and Physics, CRC Press, 72nd Ed., Boca Raton, Fl, USA. 

 

Lu Z., T. Masterlark and D. Dzurisin (2005), Interferometric synthetic aperture radar study of 

Okmok volcano, Alaska, 1992-2003: Magma supply dynamics and postemplacement lava flow 

deformation, J. Geoph. Res., 110, B02403, doi:10.1029/2004JB003148.  

 

Manual of Remote Sensing, Volume I, Theory, Instruments and Techniques, (1975), Janza F.J., 

Blue H.M. and Johnston J.E. (eds.), American Society of Photogrammetry, pp. 867. 

 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

23 

Martin, G., A.J. Matthews, R. Clay and B. Dawson (1999), Time variation of the vertical profile of 

the atmosphere for air fluorescence measurements, Proceedings 26th ICRC, Salt lake, OG.4.5.06, 

1999. 

 

Mazzarini, F., M.T. Pareschi, M. Favalli, I. Isola, S. Tarquini and E. Boschi (2005), Morphology of 

basaltic lava channels during the Mt. Etna September 2004 eruption from airborne laser altimeter 

data, Geoph. Res. Lett., 32, L04305, doi:10.1029/2004GL021815. 

 

Mazzarini, F., M.T. Pareschi, A. Sbrana, M. Favalli and P. Fulignati (2001), Surface hydrothermal 

alteration mapping at Vulcano island Using MIVIS data, International Journal of Remote Sensing, 

22-11, 2045-2070. 

 

McKean, J. and J. Roering (2004), Objective landslide detection and surface morphology mapping 

using high-resolution airborne laser altimetry, Geomorphology, 57, 331-351. 

 

Nilsson, M. (1996) Estimation of tree heights and stand volume using airborne Lidar system, 

Remote Sensing of Environment, 56, 1-7. 

 

Norheim, R.A., V.R. Queija, and R.A. Haugerud (2002), Comparison of LiDAR and INSAR DEMs 

with dense ground control, at http://gis.esri.com/library/userconf/ proc02/pap0442/p0442.htm. 

 

Poli Marchese, E. and G. Patti (2000) Carta della vegetazione dell’Etna a scala 1:50000, Ist. Biol. 

Ecol. Veg., Università di Catania, Selca, Firenze. 

 

Raymond, M.M., (1992), Laser Remote Sensing: Fundamentals and Applications, Krieger 

Publishing Company, 01, January, 1992.  



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

24 

 

Ridgway, J.R., J.B. Minster, N. Williams, J.L. Bufton and W. B. Krabill (1997), Airborne laser 

altimeter survey of Long Valley, California, Geophysical Journal International, 131, 267-280. 

 

Ritchie, J.C. (1995), Airborne laser altimeter measurements of landscape topography, Remote 

Sensing of Environment, 53, 91-96. 

 

Rittmann, A. (1973), Structure and evolution of Mount Etna, Phil. Trans. R. Soc. London, 274, A, 

5-16. 

 

Romano, R. (1982), Succession of the volcanic activity in the Etnean area, Mem. Soc. Geol. It., 23, 

75-97. 

 

Romano, R. and J.E. Guest (1979), Volcanic geology of the summit and northern flank of Mount 

Etna, Sicily, Boll. Soc. Geol. It., 98, 189-215. 

 

Romano R and C. Sturiale (1982) The historical eruptions of Mt. Etna (Volcanological data), 

Memorie della Società Geologica Italiana, 23, 75-97. 

 

Romano R, C. Sturiale and F. Lentini (coordinators) (1979) Geological map of Mount Etna (scale 

1:50,000). S.EL.CA. Firenze (made available in: Memorie della Società Geologica Italiana, 23, 

1982). 

 

Schiewe, J. (2003), Integration of data from multi-sensor systems for landscape modelling tasks,  

The International Archives of photogrammetry, Remote Sensing and Spatial Information Sciences 

(CD-ROM), XXXIV-7/W9, Regensburg, Germany, 2003. 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

25 

 

Sgavetti, M., L. Pompilio and S. Meli (2006), Reflectance spectroscopy (0.3 – 2.5 µm) at varioaus 

scales for bulk-rock identification, Geosphere, 2, 142-160. 

 

Shepard, M.K., B.A. Campbell, M.H. Bulmer, T.G. Farr, L.R. Gaddis and J.J. Plaut (2001), The 

roughness of natural terrain: A planetary and remote sensing perspective, J. Geoph. Res., 106, 

32777-32795. 

 

Smith, D.E., M.T. Zuber, H.V. Frey, J.B. Garvin, J.W. Head, D.O. Muhleman, G.H. Pettengill, R.J. 

Phillips, S.C. Solomon, H.J. Zwally, W.B. Banerdt, T.C. Duxbury, M.P. Golombek, F.G. Lemoine, 

G.A. Neumann, D.D. Rowlands, O. Aharonson, P.G. Ford, A.B. Ivanov, P.J. McGovern, 

J.B.Abshire, R.S. Afzal, and X. Sun (2001), Mars Orbiter Laser Altimeter: Experiment Summary 

After the First Year of Global Mapping of Mars?, J. Geoph. Res., 106, 23689-23722.  

 

Soule, S.A, K.V. Cashman and J.P. Kauahikaua (2004), Examining flow emplacement through the 

surface morphology of three rapidly emplaced solidified lava flows, Kilauea Volcano, Hawaii, 

Bulletin of Volcanology, 66, 1-14. 

 

Stevens, N.F., G. Wadge, C.A. Williams, J.G. Morely, J.-P. Muller, J.B. Murray and M. Upton 

(2001) Surface movements of emplaced lava flows measured by synthetic aperture radar 

interferometry, J. Geoph. Res., 106, 11293-11313. 

 

Taddeucci, J., M. Pompilio and P. Scarlato (2002), Monitoring the explosive activity of the July-

August 2001 eruotion of Mt. Etna (Italy) by ash characterization, Geoph. Res. Lett., 29, 

doi:10.1029/2001GL014372. 

 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

26 

Tian, Q.J., P. Gong, B. Xu, X. Wang, H. Guo and Q. Tong (2002), Reflectance, dielectric constant 

and chemical content of selected sedimentary rocks, Int. J. Remote Sensing, 23, 5123-5128.  

 

van Ruitenbeek, F.J.A., P. Debba, F.D. van der Meer, T. Cudahy, M. van der Meijde and M. Hale 

(2006), Mapping white micas and their absorption wavelengths using hyperspectral band ratios, 

Remote Sensing of Environment, 102, 211–222. 

 

Wehr, A. and U. Lohr (1999), Airborne laser scanning – an introduction and overview. ISPRS 

Journal of Photogrammetry & Remote Sensing, 54, 68-82. 

 

Werner, C.L., A. Wiesmann, F. Siegert and S. Kuntz (2000), JERS INSAR DEM generation for 

Borneo, In: Proceeding of IGAARS’00, Honolulu, USA, 24-28 July, 2000. 

 

White, S.A. and Y. Wang (2003), Utilizing DEMs derived from LIDAR data to analyze 

morphologic change in the North Carolina coastline, Remote Sensing of Environment, 85, 39-47. 



Mazzarini et al., LiDAR Intensity and lava flow resurfacing 

27 

 

Figure Captions 

 

 

 

Figure 1. General Mt. Etna location map. Shaded relief maps of the volcano derived from the 1998 

Mt. Etna DEM [Favalli et al., 2005]. Illumination from the North.  
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Figure 2. Map of the strips of LiDAR survey overlain on a shaded relief image (illuminated from 

the North) of the 1998 Mt. Etna DEM [Favalli et al., 2005]. Blue dots are locations where analysed 

lava flows have been sampled, number refers to the lava flow code (Figure 11).  
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Figure 3. The LiDAR raw and normalised intensity values are represented over shaded relief 

images derived from a digital elevation model of the Etna volcano (illumination from the North) 

through an HLS transformation [Manual of Remote Sensing, 1975]. a) Raw intensity image of a 

sector of the southern flank of Mt. Etna, where scoria cones, lava flows, lobes and channels are 

clearly identified. The speckle effect in the spatial distribution of intensity values is due to 

variations in the terrain-airplane distance. In the centre of the image the symmetric distribution of 

intensity values around cones suggests the Lambertian behaviour of surfaces. z1 (black contour) is 

the area on the eastern flank of the scoria cone at the centre of the figure; z2 (black contour) is the 

area on the western flank of the cone. The black solid line is the trace of the aircraft trajectory that 

records the echoes from z1 and z2 areas (see text for discussion). b) Intensity image normalised 

with respect to the terrain-airplane distance (see text for details). 
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Figure 4. LiDAR-derived DEM merged with the 1998 DEM, with draped intensity values for each 

strip. a) Raw intensity image; b) Distance normalised intensity image; the original normalised data 

was resampled to a regular grid to eliminate low density areas.  
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Figure 5. LiDAR normalised intensity variation of lavas vs. distance from the sensor for the 

September 2004 flow. 
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Figure 6. Reflectance values (ρ) of basalts, alteration minerals (limonite, jarosite, hematite, 

goethite) and vegetation (grass and lichens) in the NIR spectral range (λ = 1.064 µm). Open 

diamonds: basalts. Spectral data from USGS library (http://speclab.cr.usgs.gov/composition). 
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Figure 7. Plot of elevation vs. normalised LiDAR intensity (NLI) values for a) 2002 flow; b) 2001 

flow; c) 1983 flow and d) 1865 flow. Grey strips indicate the elevation 1500- 1600 m. 
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Figure 8. Examples of Mt. Etna lava flow textures. a) Blocky texture of 2002 ‘a‘ā lava flow on the 

southern flank of the volcano, with arrow pointing to a lava block about 0.8 m wide; b) 1792 ‘a‘ā 

lava flow with blocky and spiny textures and pressure ridges (white arrow), and the surface of a 

lava channel smoothed by overlying 2002-2003 airfall deposits (black arrow); c) The Belvedere 

plain area mantled by thick airfall from explosive phases of the 2002-2003 eruption. Bomb in the 

foreground is about 20 cm high. 
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Figure 9. Distribution of airfall deposits around Mt. Etna after the 2001 and 2002-2003 eruptions 

[Taddeuci et al., 2002; Andronico et al., 2005]. Note that almost all the LiDAR survey area (thin 

black line) is draped by airfall deposits. The date of explosive activity is reported for each sector. 

Sector a is the area where almost all explosive events deposited airfall. 
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Figure 10. Map of sampled lava flows coded according to their year of emplacement, as listed in 

table 1. The thin black line is the LiDAR survey area. VDB= Valle del Bove, V= Voragine crater, 

SE= South-East crater, NE= North-East crater, BN= Bocca Nuova crater. Blue dots indicate 

locations where flows were sampled.  
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Figure 11. Plot of flow age vs. LiDAR normalized intensity for the flow units listed in table 2. The 

two different trends in the age-intensity distribution reflect different lava flow resurfacing 

processes. Lava channel: open diamonds; Lateral expansion of main flows: black triangles; Levee: 

black squares. a) Plot of the whole data set. b) Plot of the most recent flows in the dashed box in a). 
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Figure 12. Plot of flow age vs. LiDAR normalized intensity for the flow units listed in table 3. Inset 

shows the decreasing trend of normalised intensity for flows younger than 1999. The grey sector 

outlines a clear increase in the LiDAR normalised intensity values with flow age for lava flows 

erupted from 1865 up to 1999.  
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Figure 13. Topographic (dashed) and intensity (solid) profiles across flows at Mt. Etna; the 

exaggeration factor for all topographic profiles is 2. z is the magnification factor for LiDAR 

intensity in each profile. The ages of analysed flows are labeled in the image; red dots in the 

elevation profiles represent the morphologic boundaries of the main flow in the profile. Profile 

locations are indicated in figures 2 and 6, which are also labeled along with the age of the main 

flow. a) Profile across the 2004 flow; b) profile across the 2002 flow in the north-eastern sector of 

the Mt Etna summit area; c) profile across the 2002 flow in the southern sector of the Mt Etna 

summit area; d) profile across the 2002 flow in the north-eastern sector of the Mt Etna summit area; 

e) profile across the 2001 flow in the southern flank of Mt Etna; f) profile across the 2002 flow in 

the southern Valle del Bove border; g) profile across the 1986 flow; h) profile across the 1985 flow; 

i) profile across the 1983 flow; l) profile across the 1949 flow; m) profile across the 1971 flow; n) 

profile across the 1809 flow; o) profile across the 1610 flow. 
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  Table 1. Lava flows and related morphologic units sampled for LiDAR intensity analysis 

age code Eruptive 
event Eruption features Flow type References 

2004 2004 upper part of Valle del Bove (L) AA 1 
2002 2002-03 southern and northern flanks (L, E) AA 2,3,4 
2001 2001 summit craters and SE and NE flanks (L, E) AA 3,4 
1999 1999 summit craters, (L, minor E) AA 3,4,5 
1986 1986 summit craters and NE and E flanks (E, L) AA 3,4 
1985 1985 summit craters (E, L); S and E flanks (L) AA 3,4 
1983 1983 S flank (L) AA 3,4 
1980 1980 summit craters (E, L) AA 3,4,6,9,10 
1979 1979 summit craters (E); E and NE flank (L) AA 3,4,6 
1978 1978 L and E, summit craters and E flank, AA 3,4,6 
1971 1971 summit craters (E); S and E flanks (L) AA 3,4,6 
1951 1950-51 summit craters (E); S and E flanks (L) AA 3,4,6 
1949 1949 N, S and WNW flank (L, minor E) AA 3,4,6 
1942 1942 summit craters (E); S flank (L) AA 3,4,6 
1892 1892 summit craters (E); S flank (L) AA 3,4,6 
1865 1865 NE flank (L) AA 3,4,6 
1809 1809 NE flank (L); summit craters (E) AA 3,6,7 
1614 1614-24 NNE flank (L) P 6,7,8,9,10 
1610 1610 S flank (L) AA 3,6,7,8,9,10 

>1300 >1300 AD prior to 1300 AD (L) - 6,7,8,9,10 
E= explosive activity; L= effusive activity; AA= ‘a‘ā lava flows; P= pāhoehoe lava flows. 1) Mazzarini et al.  
2005; 2) Andronico et al. 2005; 3) Branca and Del Carlo 2004; 4) Behncke and Neri, 2003b; 5) Calvari et al.,  
2002; 6) Romano et al., 1979; 7) Rittman, 1973; 8) Romano and Guest, 1979; 9) Romano and Sturiale, 1982; 
10) Romano, 1982. 
 

 

 

 
Table 2. Statistics of LiDAR intensity for  
selected lava flows and flow units 

 LiDAR intensity average values ± σ 
age Channel levee lateral exp 
2004 42.6 ± 9.2 29.4 ± 8.4 38.5 ± 1.5  
2002 10.5 ± 3.0 16.0 ± 5.6  9.7 ± 2.4 
2001 4.7 ± 1.0  4.0 ± 0.9 5.5 ± 1.2 
1999 7.6 ± 2.5  - - 
1985 8.8 ± 3.2 12.8 ± 3.2  11.0 ± 3.0 
1983  28.2± 6.0 - 
1980 19.1 ± 5.6 - - 
1865 29.9 ± 10.1 - - 
1610 38.7 ± 8.2 29.2 ± 5.9 38.6 ± 8.6 
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Table 3. LiDAR intensity statistics 
for sampled lava flows listed in Table 1. 

Flow age (yr) Average I σ 
2004 39.46 8.76 
2002 10.43 3.82 
2001 7.36 2.47 
1999 7.20   
1986 9.16  
1985 10.93  
1983 21.45  
1980 19.1 5.60 
1979 9.44  
1978 11.15 2.43 
1971 11.96  
1951 22.87  
1949 8.51  
1942 11.74 3.52 
1892 45.75 4.80 
1865 25.87 6.09 
1809 17.54  
1614 15.48  
1610 26.20  

> 1300 52.37 22.67 
 
 




