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Abstract 9 

 10 

Digital Elevation Models (DEMs) are fruitfully used in volcanology as the topographic base for 11 

mapping and quantifying volcanic landforms. The increasing availability of free topographic data 12 

on the web, decreasing production costs for high-accuracy data and advances in computer 13 

technology, has triggered rapid growth of the number of DEM users in the volcanological 14 

community. DEMs are often visualized only as hill-shaded maps, and while this is among the major 15 

advantages in using them, the possibility of deriving a very large number of parameters from a 16 

single grid of elevation data makes DEMs a powerful tool for morphometric analysis. However, 17 

many of these parameters have almost the same informative content, and before starting to elaborate 18 

topographic data it is recommended to know a-priori what parameters best visualize the 19 

investigated landform, and therefore what is necessary and what is redundant. In this work, we 20 

review a number of analytical procedures used to parameterize and represent DEMs. A LIDAR-21 

derived DEM matrix acquired over the Valle del Bove valley, on Mt. Etna, is used as test-case 22 

elevation data for deriving the parameters. We first review well known parameters such as hill-23 

shading, slope and aspect, curvature, and roughness, before extending the review to some less 24 

common parameters such as Sky View Factor (SVF), openness, and Red Relief Image Maps 25 

(RRIM). For each parameter a description is given emphasizing how it can be used for identifying 26 

and delimiting specific volcanic elements. The analyzed surface parameters are then cross-27 



compared in order to infer which of them is most uncorrelated, and the results are represented in the 28 

form of a correlation matrix. Finally, the reviewed DEM-derived parameters and the correlation 29 

matrix are used for analyzing the volcanic landforms of two case studies: Michoacán-Guanajuato 30 

volcanic field and a phonolitic lava flow at the Island of Tenerife. 31 
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 36 

1. Introduction 37 

 38 

Geomorphometry is crucial for understanding the relationship between the present shape of 39 

landforms and their morphogenetic processes. Over the last decade, digital elevation models 40 

(DEMs) have been used increasingly for morphometric analysis in volcanology, thanks to the 41 

advancements in remote-sensing and photogrammetry methods for generating DEM as well as to 42 

the increasing availability of web-shared DEMs.  43 

Airborne and terrestrial laser scanning and ranging technologies are largely used to provide 44 

topographic data with high resolution (e.g. Favalli et al., 2009; Tarolli, 2014). DEMs with high 45 

accuracy can also be produced from images taken with a consumer-grade camera by using open-46 

source or low-cost software implementing structure from motion (SfM) methods (e.g. Favalli et al., 47 

2012; Westoby et al., 2012; James and Robson, 2012; Kolzenburg et al., 2016).  48 

Several high-resolution topographic datasets are freely available as well as appropriate tools for 49 

processing such huge volumes of data (e.g. http://www.opentopography.org). There are also many 50 

DEMs with countrywide coverage: for example the National Elevation Dataset for US 51 

(http://seamless.usgs.gov), TINITALY for Italy (Tarquini et al., 2012) and a 10-m resolution DEM 52 

for Japan (http://fgd.gsi.go.jp/view). With (almost) global coverage, the 90-m Shuttle Radar 53 

Topography Mission DEM (SRTM; http://www2.jpl.nasa.gov/srtm) and the 30-m Advanced 54 

http://www.opentopography.org/
http://fgd.gsi.go.jp/view


Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM (GDEM; 55 

http://www.gdem.aster.ersdac.or.jp) are freely downloadable.   56 

A common, general workflow for land surface DEM-based morphometric analysis requires an 57 

initial detailed identification and delineation of surface-specific elements, i.e. pits, peaks, ridge 58 

lines, course lines and breaks lines. This is often done through human-made analysis from one or 59 

more DEM-derived surface parameters. Olaya (2009) defined surface parameters as measures that 60 

can be derived directly from a DEM without further knowledge of the area represented. Common 61 

surface parameters are for example DEM-derived slope, aspect and curvature which are generally 62 

represented as maps.  63 

The high detail and spatial extension of the data supplied by the new technologies demand an 64 

effort in suitably visualizing this wealth of data. Finding proper techniques to adequately 65 

parameterize DEMs and represent maps is required for effective land-surface quantitative analysis 66 

and, currently, it is pursued through multidisciplinary approaches (e.g. Buckley et al., 2004; Chiba 67 

et al., 2008; Kennelly, 2008; Mitasova et al., 2012).  68 

In this work, we review a number of analytical procedures used to parameterize and represent 69 

DEMs. For each described parameter, we emphasize which are the specific elements of land surface 70 

that are better highlighted. We first introduce some well-known parameters, such as hill-shaded 71 

maps, slope and aspect maps, curvature maps, roughness maps, and then we extend the review to 72 

some less common parameters such as Sky View Factor (SVF) maps, openness maps, Red Relief 73 

Image Maps (RRIM). As a test case, we use a 1200×1200 m LiDAR-derived DEM matrix acquired 74 

over the Valle del Bove valley, on Mt. Etna, during the June 2007 airborne survey with spatial 75 

resolution of 1 m (for details see Favalli et al., 2009). The location and an aerial photo of the test 76 

area is shown in Fig. 1a, b and c. The test area is characterized by the presence of two main 77 

volcanic landforms: i) a well-preserved, relatively smooth, scoria cone; and ii) lava channels 78 

variously superimposed.  79 

Parameters are derived directly from the DEM without additional inputs using a C++ code 80 

developed ad-hoc that generates all maps in one shot, without assistance. The code and batch file 81 

http://www.gdem.aster.ersdac.or.jp/


are not designed to be fast for real time elaboration, but to run in background. Since many of the 82 

surface parameters reviewed here have the same informative content even if in a slightly different 83 

form, it is relevant to evaluate whether or not two maps contain redundant information, before 84 

starting time-consuming computer routines. For this reason, the here reviewed surface parameters 85 

are cross-compared in order to infer which of them are most uncorrelated. The results are 86 

represented as a correlation matrix that can be used for discarding redundant maps. Finally, the 87 

highly uncorrelated parameters are used for carrying out a morphometric analysis and test a semi-88 

automatic classification of specific features in two volcanic areas with different and heterogeneous 89 

topography: i) a portion of ASTER DEM acquired over the Michoacán -Guanajuato volcanic field; 90 

and ii) a portion of 10-m resolution DEM of a phonolitic lava flow on Tenerife Island produced by 91 

GRAFCAN (2009). 92 

 93 

 94 

2. Grid to grayscale image conversion and image enhancement  95 

DEMs and derivative maps are generally in a grid format with values represented by single or 96 

double precision numbers. To be displayed, grids must be converted into simple gray-scale or color-97 

map images (8-bit images) in order to associate proper shades of colors to grid data values. 98 

The first way to represent a grid is simply to convert it into a grayscale image where the gray 99 

tones correspond to grid values. This can be done using a linear map function, which converts the 100 

minimum-maximum (min-max) range values of the grid into the 0–255 standard range of a normal 101 

8-bit grayscale image. However, this will have a very low visual impact if the grid values are not 102 

―almost uniformly‖ distributed in the range (min, max) as can be seen in Fig. 1d. 103 

An image can be visually enhanced by stretching its histogram using various techniques. An 104 

image histogram is a graphical representation of the number of pixels in an image as a function of 105 

their intensity. The greater the histogram stretch, the greater the contrast of the image. Although 106 

histogram stretching may produce unrealistic effects, they turn out to be useful for scientific 107 

purposes since false-color images are often able to better highlight specific features. However, 108 

http://en.wikipedia.org/wiki/False-color


histogram stretching can also produce undesirable effects (i.e. visible image gradient) when applied 109 

to 8-bit or lower color images. For this reason, it is recommended to apply the histogram stretching 110 

on the single or double precision numeric values of the original grid and afterwards convert it into 111 

an image.  112 

Area equalization is another commonly used technique for image enhancement in which each 113 

intensity class is represented by the same number of pixels (that is by the same area). This produces 114 

a histogram which is as flat as possible (Fig. 1e). As a consequence, each gray-scale tone is 115 

―almost‖ equally represented and the resulting images appear well contrasted (Fig. 1e). However 116 

the gray tone range is no longer directly proportional to the range of values of the original input 117 

data. This raises problems when attaching quantity values to the legend of the output image map.  118 

On the contrary, by cutting-off the histogram at upper and lower threshold values, the overall 119 

histogram shape and a direct proportionality between grayscale tones and original data values can 120 

be maintained (Fig. 1f). Upper and lower cut-offs can be either external meaningful values or 121 

calculated from the statistical distribution of the values in the original grid. For example, clipping 122 

the grid values between - 2.5 and + 2.5 (where  is the average pixel value and is the 123 

standard deviation) usually provide well-contrasted images (e.g. Fig. 1f). However different areas 124 

have different statistics and therefore the maps of different regions derived using the 2.5 stretching 125 

have different legends and are not directly comparable. On the contrary, the same histogram cut-126 

offs produce comparable maps though the resulting image contrast and map readability might not be 127 

optimal.  128 

Broadly speaking, a definitive optimal way to convert grids into gray-scale images cannot be 129 

recommended. Based on our experience, linearly stretching grid values to the 0–255 grayscale 130 

values provides unusable maps in many cases, because of the low contrast in the resulting image. 131 

Area equalization works in many occasions but sometimes produces maps that appear too saturated. 132 

The 2.5  clipping gives acceptable results in most cases and often provides better results than the 133 

equal area equalization. These grayscale images can be considered as a first mandatory step to 134 

produce building blocks for more elaborated colored maps. Indeed, they can be composed as a 135 

http://en.wikipedia.org/wiki/Color_depth


simple HSV (Hue–Saturation–Value) image in order to create a great variety of maps. In the 136 

following, all the maps, other than hillshaded and aspect maps, will be represented with 2.5  137 

clipping, which in our opinion gives the best visual enhancement in general, while keeping the 138 

shape of histogram.  139 

 140 

 141 

3. DEM-derived surface parameters  142 

 143 

3.1. DEM and derivatives  144 

 145 

In simple terms, a land surface can be described as z=f(x,y), which means that elevation z 146 

depends solely on planar coordinates x and y (Cayley, 1859). In computer science, land surfaces are 147 

commonly presented as Digital Elevation Models (DEMs), a gridded set of points in Cartesian 148 

space attributed with elevation values that describe the Earth‘s ground surface (Wilson, 2012). This 149 

means that heights are available at each point in the area of interest (Hengl and Evans, 2009) with 150 

the exclusion of no data cells.  151 

To derive some basic DEM parameters such as hill-shade, slope and aspect, the derivatives of 152 

the DEM in each point must be calculated. Since the DEM is a discrete square mesh, DEM 153 

gradients can be calculated by applying some filter masks to the DEM matrix. The simplest 154 

approach is to use central differences so that the approximated x and y derivatives of the DEM 155 

matrix L at a point identified by the integer indexes (i,j) are: 156 

 157 
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These expressions correspond to the application of the following filter masks: 160 
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 163 

where the square brackets identify the two kernels which are convolved with the matrix L to 164 

calculate approximations of the derivatives. Since the derivatives have usually higher noise levels 165 

than the primitive, the following Sobel kernels (Sobel and Feldman, 1973), which compute the 166 

gradient with a degree of smoothing, are preferred:  167 
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 172 

3.2. Shaded relief maps  173 

 174 

Shaded relief maps are the most common way to represent DEMs, since they show the detail of 175 

topographic features in an intuitive manner (e.g. Horn, 1981). Various algorithms are used to 176 

calculate hill-shaded maps, most of them depend on the type and number of light sources and on the 177 

reflectivity associated with the DEM surface. Users usually find that an oblique illumination from 178 

the northwest with a light source shining from a moderate angle between the horizon and zenith, 179 

provides the most intuitive images of the shape of the terrain (Kennelly, 2008) 180 

Generally, the hill-shading implemented in GIS software is based on two assumptions: i) the 181 

illuminated surface is Lambertian (i.e. it is an ideal diffusely reflecting surface and therefore the 182 

apparent brightness of the surface is the same regardless of the observer angle of view); ii) only one 183 

light source (usually referred as the sun) is present, at an infinite distance. Hill-shading simulates 184 

the diffusion of an artificial light arriving from a single point source at a given altitude (inclination) 185 



and azimuth (declination). Terrain features, irrespective of the angle at which are viewed, have an 186 

apparent brightness which is proportional to the cosine of the angle between the normal to the 187 

surface and the light-direction vector pointing from the surface to the light source. Supposing the 188 

surface to be uniformly white, then the hill-shading gives a typical grayscale image. In the examples 189 

of Fig. 2 no active shadow is used. Using an active shadow, even if more realistic, would cast 190 

shadow on some areas of the DEM preventing the visualization of any detail in such zones. 191 

As reported by Smith and Clark (2005), shaded relief visualizations are subject to azimuth 192 

biasing, altering the position of breaks in slope. As a consequence several features may change 193 

shape, appear or disappear (Smith, 2011). In the shaded relief map, the perception of convexity and 194 

concavity surfaces depends on the relative location between the viewer and the light source. 195 

Changing the direction of illumination to the opposite side, the concavities appear to turn into 196 

convexities and vice versa. For example, the lava channels 1 and 2 in Fig. 2b appear to have 197 

opposite elevation in Fig. 2c.  198 

The major drawback of shaded relief maps is that linear features, or otherwise features with a 199 

certain orientation, may be displayed in a different manner depending on the direction of 200 

illumination. This is because ridges and valleys that are oriented perpendicularly to the direction of 201 

illumination are much more enhanced than those that are parallel. For example, the terminal part of 202 

lava flow 1 is well visible in Fig. 2b and 2e while it is poorly visible in Fig. 2a and 2c. Moreover, 203 

the direction of illumination affects the visual perception of the surface roughness in general (Ho et 204 

al., 2006). 205 

To avoid a preferential azimuth direction in the lighting some tricks can be used, such as: i) 206 

using a single light point source at an elevation angle of 90° (i.e. vertical illumination, see Fig. 2f), 207 

in this case for a Lambertian surface the brightness will be proportional to the cosine of the local 208 

slope; ii) producing multiple shaded relief images with illumination from multiple directions (Smith 209 

and Clark, 2005); iii) producing a single hill-shaded image with more than one light source; and iv) 210 

using a non-point source illumination that has no preferential azimuth orientation, such as a 211 

uniformly illuminating sky. 212 



In general, after reviewing several visualizations methods, Smith and Clark (2005) and Hillier 213 

and Smith (2008) concluded that there is no single visualization techniques that is ideally suited to 214 

geomorphological mapping, but the interpreter should prefer techniques that do not introduce 215 

azimuth biasing. 216 

 217 

3.3. Slope, aspect and curvature maps 218 

 219 

Slope, aspect and curvature are here derived directly from the first and the second derivatives of 220 

the elevation matrix (e.g. Zevenbergen and Thorne, 1987), calculated by applying Sobel filters (Eq. 221 

3).  222 

The maximum slope (S) is given by definition by:  223 
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 226 

In the slope map of Fig. 3a, the brightness of each pixel is inversely related to slope angle so 227 

that flat areas are bright and steep areas are dark. The resulting image has similar appearance to 228 

relief-shaded terrain, without the illumination bias (Smith, 2011). Peaks, pits and passes have zero 229 

local slopes. With opportune contrast enhancements (such as applying an area equalization to both 230 

of them), slope maps and vertically illuminated hill-shaded models are identical, and both eliminate 231 

the azimuth biases typical of obliquely illuminated single-point-source hill-shading (cf. Fig. 2f and 232 

3a).  233 

The aspect angle () is defined as the azimuth direction at which the maximum slope is 234 

achieved: 235 
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 238 

Fig. 3d represents the aspect map. Since the aspect corresponds to the azimuthal direction of the 239 

gravity force component tangential to the surface, it is said that aspect indicates the flow line 240 

direction (Olaya, 2009). Even if the aspect is a circular variable, for sake of simplicity we treat it as 241 

a normal variable in the range -180º,+180º. 242 

The overall (local) curvature (C) is defined as the two-dimensional Laplacian C = 
2
 z(x,y): 243 

 244 

2

2

2

2

y

z

x

z
C









        (6) 245 

 246 

C is positive when the surface is locally concave and negative when the surface is convex. A 247 

value of zero indicates that the surface is locally flat. Peaks have negative values of curvature. Pits 248 

have positive values of curvature. A curvature map can be used for identifying lineaments on a 249 

DEM because it highlights rapid changes at the base and the top of a slope: concave at the base and 250 

convex at the summit (Smith and Clark, 2005). When this is calculated across a region, breaks of 251 

slope and ridges are well identifiable. For example, the curvature map in Fig. 3b allows easy 252 

identification of the scoria cone crater rim and base as well lava channel levees and beds. Fig. 3e 253 

shows an example of the multi-curvature (MC) parameter calculated as the average curvature at 254 

various scales. MC retains the same informative content as C, but enhances details and the 255 

readability of the general topography.  256 

 257 

 258 

3.4. Topographic position index (TPI) and deviation from mean elevation (DEV) index 259 

 260 

Among the various algorithms used to classify landforms (see Hengl and Reuter, 2008 for 261 

details), the topographic position index (TPI) has become very popular, partly due to its 262 

implementation in widespread GIS software. TPI is defined as the difference between the elevation 263 



z at a certain point and the average elevation 
R

z  around it within a predetermined radius R (Wilson 264 

and Gallant, 2000; Reu et al., 2013): 265 

 266 

R
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 268 

TPI (Fig. 3c) is a scale-dependent parameter and is used to highlight landscape units such as 269 

ridges and valleys on the scale defined by the radius R. Positive TPI values represent locations that 270 

are higher than the average of their surroundings, as defined by the neighborhood (e.g. ridges and 271 

peaks, etc.). Negative TPI values represent locations that are lower than their surroundings (e.g. 272 

valleys and pits). For planar areas, either horizontal or sloping, TPI is zero. 273 

Deviation from mean elevation (DEV) index is derived by dividing TPI by the standard 274 

deviation SDR of the elevations within the radius R (Wilson and Gallant, 2000; Reu et al., 2013): 275 
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 278 

DEV (Fig. 3f) index measures the local deviation from the mean elevation and, like TPI, is 279 

positive when a point is situated higher than its neighborhood and negative when it is situated 280 

lower, but it is mostly restricted to values between 1 and +1 because of its normalization. Values 281 

outside this range often indicate anomalies in the DEM. TPI and DEV are widely used for automatic 282 

and semi-automatic landform classification.  283 

 284 

 285 

3.5. Roughness maps  286 

 287 

Surface roughness is an important morphological variable that measures the variability in 288 

elevation of a topographic surface at a given scale. The scale of analysis is determined by the size of 289 



the landforms of interest. Several different parameters can be used to quantitatively model surface 290 

topographic roughness. One of the most commonly used parameters is the root mean square (RMS) 291 

height around the mean i.e. the standard deviation of height (e.g. Shepard et al., 2001).  292 

In this work, RMS roughness is calculated not around the mean value but as the RMS deviation 293 

around the interpolating plane (Mazzarini et al., 2008). For each pixel, we consider the local surface 294 

defined by a set of DEM points within a predetermined distance R. Then we de-trend this surface by 295 

subtracting the interpolating plane. Finally, we compute the RMS height. By subtracting the 296 

interpolating plane the resulting roughness does not depend on the average local slope. This means 297 

that the roughness of a plane is always zero, regardless of its inclination. Fig. 4a shows the RMS 298 

deviation roughness map for the test area. 299 

An alternative approach for computing surface roughness utilizes a different way of measuring 300 

the variability in slope and aspect of local patches of a DEM (e.g. Hobson, 1972; Woodcock, 1977; 301 

McKean and Roering, 2004). Let‘s take the surface-normal unit vectors in an n × n cells sampling 302 

window (Fig. 4c). For smooth topography these vectors have coherent orientations while for rough 303 

topography their orientations are characterized by a large degree of dispersion. The sums of the 304 

cross products of the direction cosines of the surface-normal unit vectors can be organized in a 3 × 305 

3 orientation matrix T (Fara and Scheidegger, 1963; Woodcock, 1977): 306 
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 309 

where (xi, yi, zi) are the components of the N unit vectors. After calculating the three eigenvalues of 310 

this matrix they are ordered from the largest to the smallest, 1  2  3. Since the sum of the 311 

eigenvalues is equal to N, the normalized quantities Si = i/N, so that S1+S2+S3 = 1, can be defined. 312 

Because of the normalization, there are only two independent quantities Si. Si describes the amount 313 

and nature of clustering of the vector orientations: the ratio S1/S2 is defined as flatness and the ratio 314 



S2/S3 is called organization (Coblentz and Karlstrom, 2011). These ratio values are often not 315 

normally distributed, hence it is more convenient to use their logarithms (Fig. 4c, d). The ratio of 316 

ln(S1/S2) to ln(S2/S3) was defined as the K-value by Woodcock (1977) and can be used to evaluate 317 

the clustering of the normal vector distribution. 318 

Hobson (1972) measured the surface roughness as 1/N times the length of the vector sum of all 319 

the unit vectors in the moving window of Fig. 4c:  320 

 321 
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 323 

where (xi, yi, zi) are again the components of the N unit vectors. If the surface is perfectly flat the 324 

vector sum is a vector with a length equal to N so that R = 1. The rougher the surface, the lower the 325 

length of the vector sum (Fig. 4d). The unconsolidated deposits of a scoria cone, most of which are 326 

cinder-sized, have low roughness, while lava channels have high roughness (Fig. 4).  327 

 328 

 329 

3.6. Sky view factor  330 

 331 

Preferential directions due to the lighting in hill-shading (see Fig. 2) can be also avoided by 332 

using uniform diffuse illumination instead of point light sources. Supposing that the entire celestial 333 

hemisphere is equally bright, the illumination of a given point on a DEM is proportional to the 334 

portion of the sky that is visible from the point itself. The portion of visible sky is a measurable 335 

physical quantity (Fig. 5) and is called Sky View Factor (SVF; Steyn, 1980). SVF is given by the 336 

ratio of the solid angle of the visible sky (sky) to the solid angle of the illuminating hemisphere (= 337 

2): 338 

 339 



SVF =
Wsky

2p
      (11) 340 

 341 

The end members SVF = 0 and SVF = 1 mean that no portion of the hemisphere and the entire 342 

hemisphere are visible from the taken point, respectively. Calculating SVF at each point of a DEM 343 

is very CPU consuming. Therefore the first step to speed up calculations is to introduce a maximum 344 

search radius R within which possible obstacles that may mask portions of the sky are considered. 345 

Then, SVF is usually approximated by considering the ―openness‖ to the sky along a number of 346 

directions (n) instead of doing the complete calculation (Fig. 5 and Zakšek et al., 2011):  347 
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 350 

where i is the elevation angle of the visible horizon. In Eq. 12 i cannot be negative to limit the 351 

estimation of each elevation angle by the mathematical horizon (Zakšek et al., 2011). If we allow i 352 

to take negative values in Eq. 12, we obtain a new quantity that can reach a maximum possible 353 

value of 2 (here called SVF2).  354 

Uniform diffuse sky illumination of SVF and SVF2 not only solves the problems of feature 355 

orientation but also enhances the perception of the relative height of surface elements (Fig. 6a, b). 356 

In general SVF and SVF2 display very similar behavior, although they have significantly different 357 

values along sloping planes. This difference can be appreciated by comparing the flanks of the 358 

scoria cone in Fig. 6a and 6b. 359 

SVF  only deals with the ridges of the topography. To introduce a similar quantity that deals 360 

with the depressions, first we mirror our surface z=f(x,y) across a horizontal plane obtaining a new 361 

surface z=g(x,y) with g(x,y)= -f(x,y). Then we calculate the SVF of this inverted surface z=g(x,y) 362 

and we call this new quantity ―mirrored SVF‖ (Fig. 6c). SVF takes high values on crests and ridges 363 

while the ―mirrored SVF‖ takes high values inside valleys, gullies and craters (Fig. 6a, c). 364 



 365 

 366 

3.7. Openness maps 367 

 368 

Yokoyama et al. (2002) introduced two parameters called positive and negative openness. The 369 

positive openness is defined as: 370 
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 373 

where i is the zenith angle along the i-th direction and i are defined as in Equation 12 but here are 374 

not limited to be positive (Fig. 5). The subscript R refers to the maximum horizontal search radius 375 

considered. Similarly the negative openness is defined as: 376 
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 379 

where i is defined in Fig. 5c. Both positive (or openness up) and negative (or openness down) 380 

openness always take positive values. The former measures the ―openness of the terrain to the sky‖ 381 

while the latter is the ―below-ground‖ openness (Yokoyama et al., 2002). The positive openness 382 

takes high values on crests and ridges; the negative openness takes high values inside valleys, 383 

gullies and craters (Fig. 6e, f). 384 

Later Chiba et al. (2008) introduced a new parameter, generically called mere ―openness‖, 385 

combined from the positive and negative openness as:  386 
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The openness is dependent on the chosen search radius R and is positive when the surface, at the 390 

scale R, is upwardly convex (i.e. crests and ridges) and negative when the surface is upwardly 391 

concave (i.e. in valleys, gullies and craters; Fig. 6d). 392 

 393 

 394 

4. Image combination 395 

 396 

Image combination may be defined as the combination of two or more images representing 397 

different parameters. The aim is to obtain a new colored hybrid image containing and representing 398 

more information than the individual original images (Fig. 7). Generically, image composition 399 

improves the image quality by enhancing the investigated details during the visual analysis. Image 400 

composition can be obtained following various techniques.  401 

Widespread and useful maps derived using image composition are, for example, colored layer 402 

draped on hill-shaded images, which are often created with geographic information systems (GIS) 403 

using the Hue–Saturation–Value (HSV) color model. HSV is a common cylindrical-coordinate 404 

representation of points in an RGB color mode where H is hue, S is saturation, and V is value. The 405 

hue of a generic point in the color space is its pure color; for example, all tints, tones and shades of 406 

red have the same hue. The saturation defines how pure a color is by giving its degree of 407 

degradation into gray tones: a pure color has a 100% saturation, and 0% saturation means that the 408 

color has completely lost its ―color‖ and is only a shade of gray. The value, also called lightness, 409 

defines how dark a color is: a pure color has a 100% value and a value of 0 is black. 410 

The most basic image composition for enhancing topographic details is overlaying a colored 411 

thematic map (the hue dimension in the HSV space) to a hill-shaded map (that is the SV color space 412 

dimensions). For example, a map color-coded according to pixels‘ elevations or color-coded 413 

according to the thickness of a new emplaced lava flow can be overlaid to a hill-shaded map as 414 

shown in Fig. 7a.  415 



Using HSV color fusion technique, Chiba et al. (2008) developed the ―Red Relief Image Map‖ 416 

(RRIM). They fix the hue to be red, thus producing a red image by adjusting the saturation value of 417 

red based on the topographic slope and its lightness (or value) based on the openness (Fig. 7b and 418 

7c). It accentuates the three-dimensional topography on a single image, where the openness value 419 

virtually performs an illumination role, and saturation of red color describes the steepness of 420 

topography. Karátson et al. (2016) used the RRIM for visualizing at the same time slope, concavity 421 

and convexity from the DEM of Gran Canaria Island. The authors chose RRIM because it 422 

effectively represents fine geomorphic features even on a largely flat surface and used it for 423 

successfully extracting planèzes and quasi-planar surfaces.  424 

The reason for the use of red color in the RRIM is that it proved empirically to have the richest 425 

tone for human eyes, although other colors can also be applied (Chiba et al., 2008). A generic map 426 

can also be used to assign different hues to every pixel according to the thematic map values.  Fig. 427 

7d shows an example of RRIM in which hues are assigned as a function of the thickness of lava 428 

flows emplaced between 2005 and 2007. 429 

―RRIM style‖ maps (that is more generic HSV compositions) can be produced by changing the 430 

starting maps used by Chiba et al. (2008). In order to best exploit the potential of RRIM it would be 431 

wise to use starting maps bearing completely different information. For example, in Fig. 7e the 432 

SVF2 and slope are used as saturation and value respectively. Although SFV2 and openness maps 433 

are very similar (compare Fig. 6b with Fig. 6d), swapping SVF2 with the slope in the ―RRIM style‖ 434 

image completely changes the visual effect of the composition. 435 

Beside manipulations in the HSV color space, other image compositions can be used. For 436 

example, in Fig. 7f we enhanced the slope by adding the roughness (a de-trended RMS deviation in 437 

this case). In this new map the areas with rapid changes in slope (which have high roughness) are 438 

very bright and very accurately delimit areas with similar values of slope. As a result, this map 439 

emphasizes, for example, the external levee walls of lava flows. 440 

 441 

 442 



5. Surface parameter comparison 443 

 444 

Surface parameters are, in many cases, correlated with one another. For example, a hill-shaded 445 

map with 90° of sun elevation angle and a slope map are very similar (cf. Fig. 2f and 3a), as well as 446 

curvature maps and TPI and DEV maps (cf. Fig. 3b, c and f), and SVF maps and openness up maps 447 

(cf. Fig. 6b and e). Taking into account that the amount of data can be very large, knowing a priori 448 

how to use the computing resources is very useful for minimizing computing time. Distinguishing 449 

between correlated and uncorrelated parameters allows the operator to choose which maps should 450 

be produced from a DEM and which are instead unnecessary. 451 

In this section, we compare surface parameters with one another by creating a correlation matrix.  452 

Given two grids, A and B, we use the covariance between them to measure how similarly the two 453 

grids vary in space: 454 
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 457 

where aij and bij are the grid values of A and B, respectively, in the cell of position i,j. The sum on i,j 458 

spans all n cells of the grids. A positive value of the covariance means that the two grids tend to 459 

have a similar behavior: greater values of the first grid mainly correspond to greater values of the 460 

second, etc. On the other hand, a negative value of the covariance means that the two grids tend to 461 

have opposite behavior: greater values of the first grid mainly correspond to smaller values of the 462 

second grid and vice versa. The magnitude of the covariance depends on the variability of both 463 

grids. For this reason we prefer to normalize the covariance by dividing it by the product of the 464 

corrected standard deviations of the two grids, SA and SB: 465 
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 468 

to obtain a normalized version of the covariance better known as the correlation coefficient: 469 
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 472 

The correlation coefficient ranges between -1 and +1. A correlation of +1 means that there is a 473 

perfect direct linear relationship between the two grids and a correlation of -1 means that there is a 474 

perfect negative linear relationship between the two grids. In any case, for both +1 or -1 475 

correlations, the two quantities are in a perfect linear relationship. Since for practical comparison 476 

we are more interested in the magnitude of correlation rather than the sign, we prefer to consider 477 

squared correlation values, so a value of 1 means that the two grids are perfectly correlated either 478 

directly or inversely. As the squared correlation approaches 0 (from 1), the two quantities are less 479 

and less correlated up to the point that for a value of 0 there is no correlation between the spatial 480 

trends of the values of the two grids. 481 

Fig. 8 shows the squared correlation matrix among the reviewed parameters in the test case area 482 

described above. Fig. 9 shows the square correlation matrix among the reviewed parameters 483 

calculated for four different DEMs of four areas with heterogeneous topography: i) the 1-m LIDAR 484 

DEM test area of this work; ii) the 10-m resolution 2005 DEM of Etna region (Italy) produced by 485 

merging of a 1-m LIDAR DEM (Favalli et al., 2009) and TINITALY DEM (Tarquini et al., 2012); 486 

iii) the 10-m resolution DEM of Tenerife Island (Canary Islands, Spain) produced by GRAFCAN 487 

(2009);  and vi) the SRTM DEM (http://www2.jpl.nasa.gov/srtm), resampled to 120 m, of a region 488 

of the Blue Nile river basin (Ethiopia).  489 

Fig. 8 and 9 show that the chosen DEMs provide very similar results that can be summarized as 490 

follows. Hill-shaded maps are not or poorly correlated with the other parameters. Only hill-shaded 491 

maps computed with a sun elevation angle of 90° are well correlated with slope maps and variously 492 



correlated with SVF maps. Hill-shaded maps computed from opposite azimuths contain very similar 493 

information. Slope is largely uncorrelated except for certain correlation with SVF. The curvature 494 

parameters are generally somewhat correlated with SVF and openness parameters. Roughness is 495 

uncorrelated with the curvature parameters and very poorly correlated with the hill-shading. 496 

Openness up is well correlated with SVF parameters, while openness down is not.  497 

On the whole, in order to have the most uncorrelated content the following maps should be 498 

produced: various hillshading, slope, a curvature map, a TPI map with high R, 3 roughness maps, 499 

openness down, openness and one of a choice between SVF, SVF2 and openness up. Uncorrelated 500 

parameters can be combined in order to obtain a more informative map. In the following case 501 

studies, the surface parameters and their representations were chosen after taking into account the 502 

features we want to detect and avoiding redundant information.  503 

 504 

 505 

6. Case studies 506 

 507 

6.1 Michoacán-Guanajuato volcanic field 508 

 509 

Morphometric analysis of complex volcanic fields benefits from the large availability of 510 

various DEMs (e.g. Favalli et al., 2009; Fornaciai et al., 2012): however delineating their basic 511 

elements can be difficult. These areas are characterized by the frequent superimposing of lava flows 512 

that often bury the base of edifices, by chains of eruptive vents that generate coalescent cones and 513 

volcanoes, and by huge fallout of ash that drapes all features.  514 

The Michoacán-Guanajuato Volcanic Field in central Mexico contains over 1000 late 515 

Quaternary volcanic centers, of which approximately 90% are cinder cones (Hasenaka and 516 

Carmichael, 1985). The highest resolution free DEM of this area is the 30 meter ASTER GDEM 517 

(Fig. 10a). The hill-shaded image (Fig 10a and b) shows the complexity of this volcanic area, which 518 

is characterized by a large number of scattered cinder cones and shield volcanoes, lava domes, 519 



maars and lava flows. Although it can be quite simple to just mark each volcanic center, outlining 520 

their bases can be demanding because several of them are in close proximity to each other. The 521 

openness down map is able to enhance even barely visible depressions, such as those between 522 

contiguous volcanic edifices and thus it can be used for detecting the base of the cones: in Fig. 10c 523 

the flanks of the volcanoes are represented by bright tones (low openness down values), while the 524 

incisions between an edifice and its neighbors are dark (high openness down values). The benefit in 525 

using openness down is shown in the insets of Fig. 10c, where we compare the hill-shaded and the 526 

openness down maps of a selected cone. The delimitation of its base is largely left to the 527 

interpretation of the operator using the hill-shading while the openness map turns out to be more 528 

informative.  529 

The hill-shading and openness maps alone are not enough to resolve the complex topography of 530 

this area. Other parameters are required in order to reveal different details and facilitate the 531 

recognition of various-scale objects, possibly avoiding bearing the same information as the already 532 

calculated maps. In this case, we use the ―RRIM style‖ map composed with the slope and the SVF. 533 

Fig. 10d shows how this map can be tuned for resolving topography. Crater rims are outlined as 534 

bright lines and can therefore be easily mapped. On the contrary, craters and gullies of ancient 535 

volcanic edifices stand out as dark regions. In particular, the craters are visible as small, dark, and 536 

roundish areas of lower map values. Since this map gives a much better impression on the relative 537 

elevation of each point, the lava flow of the inset of Fig. 10d, taken as an example, is more visible 538 

than in the hill-shading. In addition, it is also possible to see all the small ridges in a relatively flat 539 

relief such as the scarp and hydrographic network southeast to the Pico Tancitaro. Semi- or 540 

completely automatic methods for cone delineation, based on primary DEM derivatives such as 541 

slope angle or curvature maps, had already been used (e.g. Grosse et al. 2012; Karátson et al. 2012). 542 

 543 

 544 

 545 

6.2 Roques Blancos phonolitic lava flow  546 



 547 

Morphometry of lava channels is important in understanding the emplacement processes 548 

operating during effusive eruptions (Tarquini et al., 2012; Lev and James, 2013). Dimensional and 549 

morphometric features of lava channels are not easy to measure. Field methods that yield such data 550 

are difficult and time consuming to apply due to the difficult nature of the terrain. Moreover, visual 551 

interpretation of data collected by remote instruments can be difficult because of the superimposing 552 

of various flows often during the same eruption.  553 

Fig. 11 shows hill-shaded, openness and SVF maps of a Roques Blancos phonolitic lava flow 554 

field, NW of the Pico Viejo stratocone (Tenerife Island). The Roques Blancos lava flow was 555 

erupted about 1714 BP from a dome located at an elevation of 2700 m a.s.l. (Carracedo et al., 556 

2007).  557 

The shaded relief (Fig 11a) shows a general topography composed of a complex system of 558 

ramified channels characterized by thick flows, steep fronts and conspicuous levees. However, 559 

channels running from NW to SE are not well visible because they are aligned with the illumination 560 

direction. Already Smith and Clark (2005) made analyst aware that the use of a directional light 561 

source introduce bias especially in case of linear landforms. It is quite obvious that this problem is 562 

particular relevant in mapping lava flow. All linear features are instead clearly visible in both SVF 563 

and openness down images (Fig 11b and c), which allow untangling this complex system of 564 

channels. The SVF map depicts the empty channel in distinct dark tones, which makes them easily 565 

identifiable and the levee ridges are outlined as bright lines and can therefore be easily mapped 566 

(Fig. 11a, b, dashed lines). The openness down map reveals additional important information: while 567 

the rims of levees are less pronounced, their deepest parts are clearly marked. Also, the lobate forms 568 

of the lava front, composed by curved superimposed layers, are properly visualized. Finally, the 569 

openness down map gives a clear idea of the considerable thickness of these phonolitic lavas.  570 

These maps can be used for extracting the interesting features in a semi-automatic way. From a 571 

practical point of view, even if the SVF fruitfully identifies the levee rims, their automatic 572 

extraction using this map is troublesome and indeed it is much more simply performed by 573 



extracting these lines as portions of contour lines of the hill-shaded map of Fig. 11a. In fact the 574 

levee rims identify the points where the shading changes from low to high values (opposite sides of 575 

the levee). Similarly, by choosing the proper value of openness down, the contour line of the lava 576 

flow can be extracted and used for calculating the lava extension, length and volume. The same 577 

procedure can be done for extracting the edge of the channel bed. In the example of Fig. 11c, the 578 

values of 86º and 81.5º for the openness down map can be used for automatically delineating the 579 

isolines that best delimit the base of the lava and the bed of the channel, respectively. After very 580 

minor editing operations, consisting mainly of cutting out unwanted part of the isolines, the 581 

shapefiles of the base and the bed of the lava channel are extracted (Fig. 11). 582 

 583 

 584 

7. Discussion  585 

 586 

The growth of new remote sensing technologies capable of producing topographic data with 587 

high accuracy at reasonable costs, and the availability of web-shared DEMs, offer great 588 

opportunities to better map and quantify features in volcanic areas. In order to make the best use of 589 

the great availability of these large amounts of data it is necessary to know what information can be 590 

extracted from a DEM and how to effectively use the computing resources. 591 

The most used DEM representation for mapping and measuring volcanic features is the shaded 592 

relief map. It is very informative and provides an immediate picture of the 3D distribution of 593 

landforms. Hill-shading maps generated using an oblique illumination with a light source shining 594 

from a moderate angle between the horizon and zenith, and from the northwest, provide the most 595 

intuitive images of the shape of the terrain. An active shadow would give a more realistic 596 

representation of the terrain, but at the same time would cast shadow on some areas of the DEM 597 

preventing the visualization of any detail in such zones. The major drawback of using hill-shaded 598 

map the is done by the fact that the angle of illumination, or azimuth, strongly affects the way 599 

features appear. In other words in the hill-shaded map the perception of the convexity and concavity 600 



of surfaces depends on the relative position of the light source (Fig. 2). As a consequence, features 601 

with a certain orientation may be displayed in a different manner depending on the direction of 602 

illumination or, even worse, they can be in the shadow and not visible at all. In addition linear 603 

features, or otherwise features with a certain orientation, may be displayed in a different manner 604 

depending on the direction of illumination. For these reason, if only hill-shading maps are available, 605 

it is recommended to compare maps produced with different directions of illumination. For a 606 

Lambertian surface, hill-shading with an elevation angle of 90° yields a brightness proportional to 607 

the cosine of the local slope thus it is just a reclassification of a slope map (cf. Fig. 2f and Fig 3a).  608 

Besides hill-shaded maps, the slope (Fig. 3a), the aspect (Fig 3d), the SVF (Fig 6a-c) and the 609 

openness (Fig 6d-f) as well as RRIM maps (Fig. 8) are enough to present and describe, by 610 

themselves, the topography and morphological characteristics. They all act like hill-shading so they 611 

can be used to visualize a DEM, although each of them highlights particular aspects of the relief. 612 

Slope maps and vertically illuminated hill-shaded models are, by properly adjusting the contrast, 613 

very similar or identical. Both of them eliminate the azimuth biases typical of obliquely illuminated 614 

single-point-source hill-shading. It follows that slope maps can be used instead of hill-shaded maps 615 

to overcome some drawbacks. The aspect map, with appropriate gray scale color legend, is very 616 

similar to a hill-shaded map (e.g. Fig. 3d); the legend can be easily changed in order to mimic a 617 

different azimuthal direction of illumination. The SVF maps are actually just a different kind of hill-618 

shading with a uniform diffuse illumination (Fig. 5) and the openness up maps are very similar in 619 

construction to the SVF maps and then by definition very similar to SVF, that is in the limit of small 620 

angles. In particular, it is evident that openness up and SVF2 produce very similar maps when we 621 

convert the grids into images (cfr. Fig. 6b and 6e). This is because in the approximation of small 622 

angles results in sin(i) = i (with angles expressed in radians). As a consequence the openness up 623 

and SVF2 maps only differ in areas where we have big angles i. For example, the test area in Fig. 624 

6, which contains several steep structures and has a very high roughness (see Fig. 4), has an average 625 

openness up angle of 81° so that the average i value is 9°, that is 0.1571 in radians, while its sine is 626 

0.1564 and so, on average,i and sin i differ only by 0.4 %. SVF differs from SVF2 (and thus also 627 



from openness up) mainly on ridges and on slopes with horizontal dimensions greater than the 628 

search radius R (e.g. the slopes of the scoria cone in Fig. 6a,b and e). Analogously the mirrored SVF 629 

and the openness down mainly differ in the pits and valleys and again on slopes with horizontal 630 

dimensions greater than R (cfr. Fig. 6c and 6f). 631 

The curvature (Fig. 3b) looks like an edge detection filter (as it actually is). The multi-curvature 632 

map (Fig. 3f), collecting contributions of curvatures at very different length scales, provides an 633 

alternative way to put in evidence the various shapes; it looks more like a morphological filter and 634 

is very well correlated with openness. TPI and DEV are very similar and not visually very 635 

expressive (Fig. 3c, f). They are generally used for automatic classification of land features. The 636 

roughness map describes how complex the terrain is and so, it is a standalone and crucial parameter.  637 

Color images are important because human eyes are sensitive to thousands of color shades 638 

which helps us in object identification. In addition, a color image can be composed by different 639 

grey-tone images, with each of them retaining different information. In the authors‘ opinion the best 640 

single image technique that is devoid of azimuth-bias and yet portrays the landscape optimally is, so 641 

far, the Red Relief Image map introduced by Chiba et al. (2008). It does not have a preferential 642 

direction (unlike classical hillshading) and, moreover, it is more readable if compared to images 643 

composed using SVF or openness up, where local depressions are in the dark and much data is 644 

missing. On the other hand, ridges are much better defined and identified using SVF or openness up, 645 

and valleys and depressions by using openness down or inverted SVF.  646 

By simply analyzing the visual representation of parameters described above, it is clear that 647 

many of them contain almost the same information or that they are practically the same map. The 648 

correlation matrices (Fig. 8 and 9) produced in this work were obtained by calculating the 649 

correlation coefficient among each couple of analyzed parameters for four DEMs with various 650 

sources and resolutions. These matrices are a useful starting point for defining which parameter 651 

combinations can provide key information of the terrain and which of them are instead redundant. 652 

In the same way, the correlation matrix can be used to aid in the choice of map combinations for 653 



possible HSV colored maps. It is indeed obvious that to create an HSV map starting from images 654 

containing the same information is pointless.  655 

Some of the relevant information that can be extracted from the correlation matrix is described 656 

in the following. First, we should note that in general the correlation between parameters shows 657 

slightly to no changes when using DEMs from different sources and with different resolution. 658 

Sometimes these differences can be more relevant. This can be due to the difference in DEM 659 

resolution or to differences in the terrain characteristics. A DEM is the most uncorrelated map, but, 660 

of course, it cannot be visually analyzed without further elaborations. Hill-shading maps are widely 661 

uncorrelated with all the other parameters. Only hill-shaded maps calculated using a vertical 662 

illumination are correlated with the slope and, somehow, with SVF maps. It should be noticed that 663 

inside the ―hill-shaded‖ group the correlation depends on the illumination angles; in particular hill-664 

shaded maps with opposite azimuthal angles of illumination are strongly correlated. Also, the aspect 665 

is basically uncorrelated with all the examined parameters, except for some correlation with the hill-666 

shaded maps. This is consistent with the results obtained by Evans and Cox (1999) who inter-667 

compared zero, first and second derivatives of elevation. In addition to the vertical illuminated hill-668 

shading, the slope has some correlation only with the SVF maps, but this seems to be dependent on 669 

the DEM source. In agreement with Evans and Cox (1999), slope is poorly correlated with DEM 670 

and curvature. The ―curvatures‖ group contains heterogeneous parameters. They have almost no 671 

correlation with any type of hillshading and with slope and aspect, as also showed by Evans and 672 

Cox (1999). In general, they have some correlation with the openness group (especially with multi-673 

curvature) maps and, to a minor extent, with the SVF group. Curvature and multi-curvature are 674 

correlated with both openness up and down but there are some differences depending on the DEM 675 

source. As expected, TPI 2pix and curvature are highly correlated since they are calculated in 676 

almost the same way; on the contrary, TPI 100 pix and curvature are not correlated. TPI and DEV 677 

maps are correlated only if they are calculated over windows with the same size. Overall roughness 678 

parameters are only correlated with other roughness parameters. Openness up is well correlated 679 

with SVF maps, however, openness down is not. Openness 20 pix and multi-curvature are highly 680 



correlated. Inside the ―openness‖ maps we notice that openness down is uncorrelated to openness 681 

up. Openness parameters are uncorrelated with hill-shading and roughness. SVF is somehow 682 

correlated with the slope. SVF2 is independent on the slope but it is correlated with the curvature. In 683 

particular, SVF2 with a searching radius of 20 pix is highly correlated with the multi-curvature. 684 

The increasing availability of various DEMs at different resolutions and coverage has been 685 

giving new research opportunities for volcano geomorphology studies. Detecting and delineating 686 

features in volcanic areas can be everything but easy because of their extreme complexities: 687 

volcanic areas are characterized, for example, by the superimposing of lava flows, coalescent cones 688 

and volcanoes, huge ash fallout and, last but not least, if active, they are often dramatically changed 689 

by new eruptions. For this reason it can be very useful to have informative maps which enhance 690 

specific volcanic landforms. For example, in the Michoacán-Guanajuato volcanic field the base of 691 

the cones can be easily detected by using the openness down map despite the difficulties arising 692 

from the large number of superimposed features. In the same way, SVF and openness down images 693 

allow the complex system of channels of the Roques Blancos phonolitic lava flow to be untangled, 694 

enabling detection of levees, the base and the bed of the channels. These parameters can be used for 695 

performing a semi-automatic extraction of the main landform elements, helping to make the job of 696 

the analyst quick and precise. 697 

 698 

 699 

8. Conclusion 700 

 701 

Digital Elevation Models permit the extraction of many different parameters, starting from a 702 

single matrix of elevation values. In this work we describe a series of DEM-derived parameters 703 

focusing on their benefit for enhancing specific land features. The main relevant results and 704 

outcomes obtained from this work and by reviewing the previous studies are: 705 

 In converting a grid to an image, the 2.5 equalization, in general, is a suitable compromise 706 

between the image enhancement and the necessity to keep the shape of its histogram. 707 



 Slope and SVF (or openness map) can be combined in RRIM ―style‖ maps in order to bear 708 

in one single colored image all benefits contained in each of the single starting images. 709 

 In addition to common and less common parameters, in this work we introduce and 710 

represent the following parameters: SVF2 (Fig. 6b), the Mirrored SVF (Fig. 6c), plus other 711 

map combinations as presented in the Fig. 7c, e and f.  712 

 Uniform diffuse sky illumination of SVF and SVF2 is actually hill-shading but it eliminates 713 

the azimuth biases and also enhances the perception of the relative height of surface 714 

elements. 715 

Several DEM-derived parameters can have similar or almost the same informative content, and 716 

consequently one or more parameters can be redundant. In this work, we produce a correlation 717 

matrix for rapidly detecting which parameters are correlated and which are not. This matrix helps 718 

to: i) choose which parameters should be used in image combinations, since by composing the 719 

uncorrelated parameters we can obtain a more informative map; and ii) save computational 720 

resources avoiding calculation of parameters containing the same information. 721 

The most noteworthy conclusions that can be summarized from the correlation matrix are: 722 

 Hill-shading, aspect and roughness maps are poorly or un-correlated with all the parameters. 723 

 Only hill-shaded maps computed with a sun elevation angle of 90° are well correlated with 724 

the slope map and variously correlated with SVF maps.  725 

 Hill-shaded maps computed from opposite azimuths contain very similar information. 726 

 Slope is largely uncorrelated except for some correlation with the SVF group. 727 

 The curvature parameters are generally somewhat correlated with SVF and openness 728 

parameters. 729 

 Openness up is well correlated with SVF parameters, unlike openness down.  730 

 In order to have the most uncorrelated content from a DEM, the following parameters 731 

should be produced: various hill-shading, slope, a curvature, a TPI with high R, roughness, 732 

negative openness, openness and one of choice among SVF, SVF2 and openness up. 733 



Finally, the dissertation of this work and the correlation matrix represent a useful tool for 734 

analyzing morphologies in volcanic areas. For example, features such as the bases of a volcanic 735 

edifice and the base of lava channels, characterized by a particular slope break, can be easily 736 

detected and semi-automatically extracted by using the openness down map. Otherwise SVF, either 737 

alone or combined in RRIM, is very useful for distinguishing volcanic features that are slightly 738 

raised relative to their surroundings, since it enhances the perception of the relative height of 739 

surface elements. In addition, since SVF takes high values on crests and ridges, it helps to detect and 740 

map the levees of lava channels and to distinguish among superimposed channels.  741 
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 868 

 869 

Fig. 1. Mount Etna test area. a) Hillshaded relief of northeast of Sicily Island with the location of 870 

Mt. Etna (Tarquini et al., 2012). b) Hillshaded relief of east flank of Mt. Etna; black contour shows 871 

the location of the test area. c) Aerial photo (downloaded from sif.regione.sicilia.it) of the test area 872 

with dimension of 1200 m  1200 m. Frames d, e and f show grayscale image representations of the 873 

slope calculated from a high resolution DEM; insets display the histograms and legends of the slope 874 

maps (in degrees). d) Linear mapping of the (min, max) values of slope onto the (0, 255) intensity 875 

range of the gray tones: all slope values are faithfully represented but the image is poorly 876 

contrasted. e) Histogram equalization: the image has an optimal contrast but the form of the original 877 

histogram is completely lost and a correct display of the legend is very problematic. f) 2.5  878 

histogram stretching: the image is well contrasted and the original shape of the most populated part 879 

of the histogram is maintained. 880 

  881 



 882 

 883 

Fig. 2. Shaded relief maps of an area of 1200 m  1200 m on Mt. Etna. Yellow arrows indicate the 884 

direction of illumination. a) Sun azimuth = 135°, sun elevation angle = 45°. b) Sun azimuth = 45°, 885 

sun elevation angle = 45°; label 1 identifies the terminal section of a lava flow and label 2 identifies 886 

a lava channel.  c)  Sun azimuth = 225°, sun elevation angle = 45°. d) Sun azimuth = 135°, sun 887 

elevation angle = 45°, 2.5  histogram stretching applied. e) Sun azimuth = 45°, sun elevation angle 888 

= 45°, 2.5  histogram stretching applied. f) Sun elevation angle = 90°, 2.5  histogram stretching 889 

applied. The angle of illumination, or azimuth, clearly affects the way features appear on shaded 890 

relief maps. 891 

892 



893 
  894 

Fig. 3. Slope, aspect, curvature, TPI and DEV maps of an area of 1200 m  1200 m on Mt. Etna. 895 

The simple curvature map is calculated at a length scale of 3 m, i.e. with a moving window of 3  3 896 

pixels = 3 m  3 m.  The multi curvature example was obtained as the arithmetic average of the 897 

curvatures calculated at length scales of 3, 6, 12, 25, 50, and 100 m. TPI and DEV were calculated 898 

within a radius of 5 m. 899 
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 901 

 902 

Fig. 4. Roughness maps for an area of 1200 m  1200 m on Mt. Etna. a and b) The RMS Deviation 903 

(detrended and not) was calculated as explained in the main text with a radius of 2 m. c) 904 

Topographic surface roughness evidenced by unit normal vectors: smooth surfaces have coherent 905 



orientations, whereas rough surfaces have a large degree of dispersion (modified from Coblentz and 906 

Karlstrom, 2011). d) R parameter, e) flatness ln(S1/S2) and f) organization ln(S2/S3) were calculated 907 

as explained in the main text with a sampling window of 5  5 cells = 5 m  5 m.  908 
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 911 

 912 

 913 

 914 

Fig. 5. The SVF is defined by the ratio of the solid angle (sky) of the visible sky above a certain 915 

observation point (dotted line in frame a). In frame a, the observation point is the middle of Piazza 916 

dei Cavalieri (Pisa, Italy) and the dotted line defines the border of the visible sky. In order to 917 

minimize the computing resources required, the SVF is calculated by computing the vertical 918 

elevation angle of the horizon γi in n directions (n=8 in frame b), limited to a specified radius R. In 919 

frame c, we show, for a given transversal section of the sphere, the definition of the γi and i angles 920 

used for the calculation of SVF, SFV2, mirrored SVF, openness, and openness up and down (after 921 

Zakšek et al., 2011). 922 

 923 

924 
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 926 

Fig. 6. Sky view factor (SVF) and openness maps for an area of 1200 m  1200 m on Mt. Etna. 927 

SVF, SVF2 and mirrored SVF were computed using Eq. 12 (see main text for details). Mirrored SVF 928 

refers to the SVF of the DEM with opposite elevations values; openness up, openness down and 929 

openness were computed using Eqs. 13, 14 and 15, respectively. All calculations were performed 930 

along 8 search directions with a search radius of 100 m. 931 

  932 
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 934 

 935 

Fig. 7. Examples of map composition for an area of 1200 m  1200 m on Mt. Etna. When 936 

applicable the map layers used for each channel of the HSV space is specified under the image.  a) 937 

Standard colored thickness map overlaid onto a hill-shaded map. b) RRIM c) RRIM of TPI 938 

calculated within a radius of 120 m. d) RRIM with hues assigned according to the thickness of the 939 

lava flow emplaced in the period 2005-2007. e) HSV composition with SVF2 as saturation and 940 

slope as value. f) Image composition obtained applying a 2.5  histogram stretching to the 941 

difference between the detrended RMS deviation and the slope grids. For maps b) to e) the HSV 942 

composition is done using as input image layers with a 2.5  histogram stretching. 943 
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 945 

 946 

Fig. 8. Matrix of the squared correlations between the quantities illustrated in Fig. 2, 3, 4, and 6. 947 

The numbers inside the cells is the square correlation expressed as percentage. Length scale, when 948 

necessary, follows the quantity name and is reported in pixel units (pix; in this case 1 pix = 1 m). 949 

For the openness and SVF quantities the searching radius is reported. For the RMS deviations the 950 

radius of the neighborhood is reported and for the other roughness parameters the moving window 951 

linear dimension is reported: e.g. ―parameter R – 5 pix‖ means that the parameter R has been 952 

calculated with a moving window 55 pixels.  953 

954 



  955 

 956 

 957 

Fig. 9. Matrix of the squared correlations among the quantities considered in this paper. Each 958 

matrix element is split in four triangular sub-elements corresponding to different areas and DEMs. 959 

The upper sub-element refers to 1-m resolution LiDAR DEM of a portion of Mt. Etna. The lower 960 

sub-element refers to a 10–m resolution 2005 DEM of Etna region (Italy) produced by the merge of 961 

a 1-m LIDAR DEM (Favalli et al. 2009) and TINITALY DEM (Tarquini et al., 2012). The right 962 

sub-element refers to the 10-m resolution DEM of Tenerife Island (Canary Islands, Spain) produced 963 



by GRAFCAN (2009). The left sub-element refers to the SRTM DEM, resampled to 120 m, of a 964 

region of Ethiopia. Length scale, when necessary, follows the quantity name and is reported in pixel 965 

units. For the openness and SVF quantities the searching radius is reported. For the RMS deviations 966 

the radius of the neighborhood is reported and for the other roughness parameters the moving 967 

window linear dimension is reported: e.g. ―parameter R – 5 pix‖ means that the parameter R has 968 

been calculated with a moving window 55 pixels. 969 
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 971 

 972 

Fig. 10. DEM-derived maps used for interpreting the Michoacán-Guanajuato volcanic field 973 

morphologies. a) Overview of the investigated area represented by the hill-shaded map. The square 974 

box outlines the area shown in the frames b, c and d; b) Hill-shaded map giving immediate insight 975 

into the morphological complexity of this area, but not allowing to easily distinguish between 976 

neighboring volcanic features. A volcanic edifice and a lava flow are selected as examples. c) 977 

Openness down map which helps to identify the base of adjacent cones, as shown in the inset where 978 

the hillshading and openness down maps are compared for the selected cone. d) ―RRIM style‖ map 979 

built with slope and SVF, which are largely uncorrelated, allows one to recognize effectively the 980 

complex superimposition of volcanic products as highlighted in the inset for the selected lava flow. 981 
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 983 

Fig. 11. Extraction of the main features from a lava channel belonging to the Roques Blancos lava 984 

flow (Tenerife Island). a) Hillshaded map with lines defining the base of the lava (external 985 

continuous line), the levees (dotted lines) and the base of the channel (internal continuous lines) 986 

extracted in a semi-automatic way from the openness down and hillshaded maps. b) SVF map which 987 

allows identification, with great accuracy, of the channel levees and the features inside them. c) 988 

Openness down map which can be used to distinguish among different lava flows because it 989 

highlights the particular slope breaks occurring between a lava flow and the substrate. For the same 990 

reason it highlights the contacts between internal levees and the base of the channel. Also in this 991 

case, with appropriate values used, the base of the lava (white line in the figure and gray in the 992 

inset) and the internal channel (black lines in the figure and inset) can be semi-automatically 993 

extracted. 994 


