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Abstract  14 

 15 

Ground deformation has been demonstrated to be one of the most common signals of 16 

volcanic unrest. Although volcanoes are commonly associated with significant 17 

topographic relief, most analytical models assume the Earth's surface as flat. However, 18 

it has been confirmed that this approximation can lead to important misinterpretations 19 

of the recorded surface deformation data. Here we perform a systematic and quantitative 20 

analysis of how topography may influence ground deformation signals generated by a 21 

spherical pressure source embedded in an elastic homogeneous media and how these 22 

variations correlate with the different topographic parameters characterizing the terrain 23 

form (e.g. slope, aspect, curvature, etc.). For this, we bring together the results exposed 24 

in previous published papers and complement them with new axisymmetric and 3D 25 

Finite Elements (FE) models results. First, we study, in a parametric way, the influence 26 

of a volcanic edifice centered above the pressure source axis. Second, we carry out new 27 

3D FE models simulating the real topography of three different volcanic areas 28 

representative of topographic scenarios common in volcanic regions: Rabaul caldera 29 

(Papua New Guinea) and the volcanic islands of Tenerife and El Hierro (Canary 30 

Islands). The calculated differences are then correlated with a series of topographic 31 

parameters. The final aim is to investigate the artifacts that might arise from the use of 32 

half-space models at volcanic areas due to diverse topographic features (e.g. collapse 33 

caldera structures, prominent central edifices, large landslide scars, etc.). 34 

 35 
Keywords: topographic effects, volcano deformation, FE models, Rabaul, Tenerife, El 36 
Hierro  37 



 38 

1. Introduction 39 

 40 

 41 

Ground deformation has been demonstrated to be one of the most common 42 

signals of volcanic unrest. Various source mechanisms have been proposed to explain 43 

observed volcano deformation including: i) magmatic processes leading to pressure 44 

source growth (e.g. Lundgren et al. 2003; Bonaccorso et al. 2005; de Zeeuw-van 45 

Dalfsen et al. 2012) or dyke injection (e.g. Pollard et al. 1983; Fukushima et al. 2005); 46 

ii) slip along faults (e.g. Okada 1985; McTigue and Segall 1988; Cervelli et al. 2001; 47 

Masterlark 2003), iii) pore pressure variations in the hydrothermal system(s) (e.g. De 48 

Natale et al. 1991;  Dzurisin and Johnston 2003; Poland et al. 2006; Masterlark 2007), 49 

or iv) ground deformations due to deep fluid injection in shallow aquifers (e.g. Chiodini 50 

et al. 2003; Troiano et al. 2011). Thus, even if geodetic monitoring networks may be 51 

capable of recording the unrest signal at surface, it is difficult to directly identify where 52 

and how are the pressure sources responsible for the observed deformation. 53 

 Analytical models have been used as a first approach to understand the link 54 

between the measured ground deformation signals and the related pressure source. 55 

These models are able to consider single pressure sources such as individual punctual, 56 

spherical, ellipsoidal or dike-like ones, in a homogeneous or simple layered media 57 

under the assumption of different rock rheologies (e.g. elasticity, viscoelasticity)(e.g. 58 

Mogi 1958; Rundle 1978; Davis 1983; Bonafede et al. 1986; McTigue and Segall 1988; 59 

Yang et al. 1988; Dragoni and Magnanensi 1989; Roth 1990; Fernández and Rundle 60 

1994; Yu et al. 1996). However, it has been demonstrated that in volcanic zones a more 61 

advanced and accurate modeling is required. Therefore, numerical methods (e.g. Finite 62 

Elements FE or Boundary Elements BE) have become very popular tools, since they are 63 

capable of considering other relevant parameters in their calculus such as reservoir 64 

multiplicity, topography and irregular distribution of the host rock mechanical 65 

properties (e.g. Cayol and Cornet 1997; Cayol and Cornet 1998; Folch et al. 2000; 66 

Trasatti et al. 2003; Lungarini et al. 2005; Charco et al. 2007; Currenti et al. 2007; 67 

Manconi et al. 2007; Masterlark, 2007; Meo et al. 2008; Del Negro et al. 2009; 68 

Hautmann et al. 2010; Geyer and Gottsmann 2010; Manconi et al. 2010; Ronchin et al. 69 

2013; Charco and Galan del Sastre 2014; Pascal et al. 2014). 70 



 Although volcanoes are commonly associated with significant topographic 71 

relief, most analytical models assume the Earth's surface as flat and use half-space 72 

solutions (e.g. Mogi 1958; Okada 1985; McTigue 1987). Nevertheless, in the last years, 73 

it has been confirmed that this approximation may lead to important misinterpretations 74 

of the recorded surface deformation data (e.g. Cayol and Cornet 1998; Trasatti et al. 75 

2003; Lungarini et al. 2005). Two separate approaches have been traditionally followed 76 

to account for this topographic effect: i) the modification of existent analytical 77 

expressions (e.g. Williams and Wadge 1998; Williams and Wadge 2000), and ii) the 78 

elaboration of forward FE or BE models to evaluate, in more detail, the effect of some 79 

topographic features such as edifice height or slope. In the latter case, topography has 80 

been integrated either as simple geometries (e.g. Cayol and Cornet 1998; Folch et al. 81 

2000) or real topographies based on data from Digital Elevation Models DEM (e.g. 82 

Lungarini et al. 2005; Meo et al. 2008). 83 

Even if the effect of topography on the surface deformation signal has been a 84 

quite visited topic, to the authors’ knowledge, there is no systematic and quantitative 85 

analysis of how this correlates with the different topographic parameters characterizing 86 

the terrain form (e.g. slope, curvature, etc.). Thus, the objective of this paper is to 87 

evaluate which specific aspects of the topography influence most the resultant ground 88 

deformation signal at surface. The final aims are to investigate the artifacts that might 89 

arise from the use of half-space models at volcanic areas considering their diverse 90 

topographic features (e.g. collapse caldera structures, prominent central edifices, large 91 

landslide scars, etc.) and to stress the importance of including topography in Finite 92 

Element Models (FEMs).  93 

For this, we present a brief summary of the methodologies and results exposed 94 

in previous published papers and supplement them with new FE models results. First, 95 

we perform a series of axisymmetric models aimed to study, in a parametric way, the 96 

influence of a volcanic edifice centered above the axis of a spherical pressure source 97 

(Fig. 1a). We investigate in particular, the effect of the size ratio of the volcanic edifice 98 

to the pressure source, the slope angle of the edifice and its height. Second, we carry out 99 

new 3D FE models implementing the real topography of three different volcanic areas 100 

(Fig. 1b): Rabaul caldera (Papua New Guinea) and the volcanic islands of Tenerife and 101 

El Hierro (Canary Islands). These zones are representative of topographic scenarios 102 

common in volcanic regions. Results obtained are compared to the analytical solution of 103 

a spherical pressure source embedded in an homogeneous elastic half-space provided by 104 



McTigue (1987). The calculated differences are correlated with a series of topographic 105 

parameters describing the main terrain form features.  106 

 107 

2. Understanding the effect of topography on volcano deformation 108 

 109 

2.1 From analytical formulations to numerical methods 110 

 111 

In the last years, several attempts have been made to evaluate the effect of 112 

topography on measured ground deformation signals. As mentioned, two different 113 

approaches have been considered: i) including the topographic effect in existing 114 

analytical formulations, and ii) using numerical methods with approximate or close-to-115 

real topographic free surfaces (e.g. FE or BE modeling). In the next lines, we offer a 116 

summary of the most relevant observations complementing them with results of our 117 

own numerical simulations (Figs. 2 and 3). The latter correspond to a series of simple 118 

FE axisymmetric models similar to those previously presented by other authors (e.g. 119 

Cayol and Cornet 1998; Folch et al. 2000; Trasatti et al. 2003; Charco et al. 2007; 120 

Currenti et al. 2007) (Fig. 1a). We simulate a spherical pressure source of radius a 121 

located at a depth d below the Earth’s surface with a pressure change P of 15 MPa. 122 

The models consider the existence of a volcanic edifice of height h, radius R_edif and 123 

slope  centered at the symmetry axis, i.e. pressure source axis (Fig. 1a).  In the 124 

different models, we have varied one or two of the parameters listed above to evaluate 125 

their individual effect on the ground deformation signal (Table 1). The medium is 126 

considered to behave as a homogeneous linear elastic material characterized by a 127 

Young’s modulus of 45 GPa and a Poisson’s ratio of 0.25. Linear elasticity is 128 

commonly accepted when simulating “instantaneous” processes compared to the 129 

relaxation time of the volcano, except in those cases when deforming processes of long 130 

duration are involved or there is clear evidence for short-term viscoelastic effects (e.g. 131 

Newman et al. 2001; Lungarini et al. 2005; Meo et al. 2008; Bonafede and Ferrari 132 

2009). The far field boundaries are fixed to zero displacement whereas the upper 133 

boundary is treated as stress-free surface (Fig. 1a). The numerical solutions for the 134 

displacements are computed with the commercial software package COMSOL 135 

Multiphysics 4.4 (http://www.comsol.com), which solves the equations of linear 136 

elasticity using the Finite Element Method (FEM). A description of the FEM is 137 

provided by Zienkiewicz (1979) and further discussion of the FEM and as well as other 138 



numerical methods, in the context of solving rock-mechanics problems is given by Jing 139 

and Hudson (2002). In order to offer maximum resolution in the areas of interest, the 140 

linear triangular elements of the mesh decrease in size near the reservoir wall and the 141 

free surface (Fig. 1b).   142 

Traditionally, the most immediate and common way to account for topographic effects 143 

on ground deformation signals was the so-called Reference Elevation Model (REM). 144 

This consisted of “moving up” the reference level of the flat model (commonly the sea 145 

level, i.e. z = 0) by adding a constant value eref  to the assumed pressure source depth 146 

respect to the sea level dsl (Fig. 1c) (Williams and Wadge 2000). Thus, in the analytical 147 

formulations, dsl is replaced by dcorr, where dcorr = dsl + eref. Assuming that the reference 148 

level of the flat models is the mean sea level, eref corresponds to the average elevation of 149 

the region considered (Fig. 1c). One of the main drawbacks of this methodology is not 150 

being able to include those effects coming from an irregular topographic profile.  151 

 The first attempts to improve the REM method were made by McTigue and 152 

Stein (1984) and McTigue and Segall (1988). These authors, following the work of 153 

McTigue and Mei (1981), introduced the effect of topography by simulating the 154 

pressure source as lines of dislocation and determining the correction due to a small 155 

slope topographic profile. Later on, Williams and Wadge (1998) tried to adapt the 156 

McTigue (1987) formulation to be able to include the effect of irregular topographies. 157 

The proposed Varying-Depth Model (VDM) relaxes the restriction of a flat free surface 158 

and allows the pressure source depth to vary with topography  (Fig. 1c). Thus, dsl is 159 

replaced by dcorr_i = dsl + eref_i, where eref_i corresponds to the topographic elevation at 160 

each point PTOPO i. Since the VDM generates relatively accurate results for vertical 161 

displacements and tilts, but less satisfactory ones for the horizontal deformation, 162 

Williams and Wadge (2000) proposed as an alternative the Topographically-Corrected 163 

Method (TCM). The TCM uses a zero order solution with a fixed reference elevation 164 

and then applies corrective terms of first order in the characteristic slope (Williams and 165 

Wadge 2000). This method offers fairly accurate results even in regions of relatively 166 

large slope. These methodologies proposed by Williams and Wadge (1998,2000) are 167 

very good options (in terms of computational time) to consider topographic effects for 168 

quantitative interpretation (i.e. inverse problem) of ground deformation at volcanic 169 

areas. Nevertheless, even if capable of providing a first order approximation, these half-170 

space models corrected to take into account topographic effects are not able to properly 171 



reproduce the actual influence of real topography (Lungarini et al. 2005; Meo et al. 172 

2008).  173 

In the last decades, the use of numerical methods has considerably increased due 174 

to the improvement in power of the computational resources. First in 2D or assuming 175 

axial symmetry, and later also considering 3D geometries, the main advantage of 176 

numerical methods is that they allow incorporating realistic features such as “real” 177 

topographic relief. Additionally to forward modeling, numerical methods have also 178 

been used to test the correctness of the adapted analytical methods (e.g. Williams and 179 

Wadge 2000). 180 

Contemporarily to the work of Williams and Wadge (1998), Cayol and Cornet 181 

(1998) carried out a series of BE models considering an axisymmetric volcano with 182 

average flanks slopes  ranging from 0
 
to 30. A similar set-up was used by Trasatti et 183 

al. (2003) who investigated the effect of topography and rheological layering. Apart of 184 

this group of works using simple geometries as a first order approximation of volcano 185 

edifices (e.g. Cayol and Cornet 1998; Folch et al. 2000; Trasatti et al. 2003; Charco et 186 

al. 2007; Currenti et al. 2007), several studies have been carried out integrating real 187 

topographies in FE models (e.g. Beauducel and Cornet 1999; Russo and Giberti 2004; 188 

Bonaccorso et al. 2005; Lungarini et al. 2005; Currenti et al. 2008; Letourneur et al. 189 

2008; Meo et al. 2008; Casagli et al. 2009). For example, Lungarini et al. (2005) 190 

rigorously modeled 3D topographic effects on ground displacement at Mt. Etna 191 

comparing the FE results with the analytical solutions and identified the best way to 192 

apply the analytical Mogi model (Mogi 1958). Other interesting works presented by 193 

Russo and Giberti (2004) and Meo et al. (2008) focused on Mt. Vesuvius, showed 194 

through the comparison of FEM and corrected half-space models results, the importance 195 

of using a full 3D topography when studying ground deformation at volcanoes. 196 

 197 

2.2 Main observations 198 

 199 

In general terms, results obtained in the different published works indicate that 200 

topographic effects tend to amplify or attenuate the ground deformation signal expected 201 

by a flat or half-space model. Consequently, neglecting topography (i.e. a flat free 202 

surface is considered) inverse modeling leads to misestimates of the amount of pressure 203 

or volume change and chamber depth. 204 



The origin of this attenuating or amplifying topographic effect may be primarily 205 

due to changes in the radial distance RD between the free surface (i.e. topographic 206 

surface) and the pressure source center given as: 207 

 208 

RD = (dcorr_i 
2
 + ri 

2
)
0.5  

                                            [Eq. 1] 209 

 210 

where ri  corresponds to the horizontal distance from each point of the 211 

topographic surface PTOPOi to the pressure source center (Fig. 1c). Notice that the 212 

concept of increase (amplification) or decrease (attenuation) of the displacement values 213 

compared to the flat model depends on which reference level is chosen for the latter 214 

one. Traditionally, analytical models tend to select the sea level (i.e. z = 0) as reference, 215 

even if this inhibits the possibility of pressure sources located at higher elevations. 216 

Thus, any given point PTOPO i with eref_i > 0 (i.e. dcorr_i > dsl ) is consequently, at a larger 217 

radial distance from the pressure source than its analogue (with the same ri ) located at 218 

the reference level for the analytical half-space model of McTigue (1987) (from here on 219 

referred to as flat model) PFLATi (i.e. RDTOPO > RDFLAT )(Fig. 1c) (Williams and Wadge 220 

1998). This would lead to an attenuation of both the vertical Uz and the horizontal Ur 221 

displacements (Fig. 2a and 2d label I).  This phenomenon can be explained because in 222 

the uppermost part of the medium (i.e. between sea level and the summit) a large 223 

portion of material is added when a volcanic edifice, instead of a flat surface, is 224 

modeled (Fig. 1d)(Trasatti et al. 2003). By contrast, if the reference level for the flat 225 

model corresponds to the volcano summit (e.g. Cayol and Cornet 1998; Trasatti et al. 226 

2003), the presence of topography causes a decrease in RD (Fig. 1d) and a general 227 

increase of Uz and Ur (Fig. 2a and 2d label II). This is due to the fact that material is 228 

removed between the sea level and the edifice summit when passing from a flat surface 229 

to a volcanic edifice geometry (Fig. 1d). This reduction of material to be displaced, 230 

allows larger deformations and, in addition, points laying on the topographic surface are 231 

closer to the source (Trasatti et al. 2003). This effect is particularly important for 232 

relatively shallow pressure sources (i.e. d/h < 2) (Fig. 2a) and regions of steep 233 

topography, and decreases at greater distances from the pressure source (Fig. 2b and c 234 

label III and Fig. 3a). Unless otherwise indicated, the reference level for the flat model 235 

corresponds to the altitude of the point on the Earth’s surface (i.e. topographic surface) 236 

that is directly above the pressure source center. In the present models, this coincides 237 

with the volcano summit. 238 



From our own numerical results, we observe that the distance at which the 239 

topographic effect begins to be negligible depends on the edifice radius R_edif and its 240 

slope angle  (Fig. 3). In any case, Uz seems to attenuate closer to the pressure source 241 

center than Ur (Fig. 3). In fact, analytical models have already indicated that the vertical 242 

deformation field is more sensitive to abrupt changes in topography, while the 243 

horizontal field is more sensitive to the average regional topography or to longer 244 

wavelength topography (cf. Williams and Wadge 1998).  245 

It has been observed that the influence of the topography is not only restricted to 246 

changes in the values of Uz and Ur but also in the shape of the displacement field (e.g. 247 

McTigue and Segall 1988; Cayol and Cornet 1998; Trasatti et al. 2003; Meo et al. 248 

2008). Whereas the flat model solution presents an axisymmetric, bell-shaped 249 

distribution of Uz with its maximum Uzmax just above the pressure source center, under 250 

the presence of topography, the Uz profile gets perturbed (Fig. 2). If the volcanic edifice 251 

is positioned at the pressure source axis, the center of expansion produces a horizontal 252 

extension and a relative subsidence at surface. This means that on the topographic 253 

surface there will be an annular region of maximum uplift with a slight central 254 

depression (Fig. 2b label IV) (McTigue and Segall 1988; Cayol and Cornet 1998). Thus, 255 

the vertical displacement curve gets distorted respect to the regular bell-shaped Uz 256 

signal of the flat model, having Uzmax located at a certain horizontal distance r, which 257 

varies depending on the shape and size of the topographic relief.  From Figure 2b and 258 

Figure 2c, it is obvious that the steeper the volcano the more prominent the central 259 

depression and Uzmax is located at larger distances from the pressure source axis. The 260 

presence of this local minimum of Uz leads to a variation or even an inversion of the tilt 261 

signal (Cayol and Cornet 1998; Trasatti et al. 2003). The complex deformation pattern 262 

is still present for deep sources, but with a smaller amplitude (Fig. 2a). This is an 263 

important feature, as it may affect the estimated horizontal position of the pressure 264 

source as previously observed by other authors (Cayol and Cornet 1998; Williams and 265 

Wadge 1998, 2000).  266 

Numerical results presented here allow observing other interesting topographic 267 

effects on the ground deformation signal. Regarding the vertical displacement, we can 268 

observe that the presence of topography does not amplify Uz at all points of the free 269 

surface (Fig. 3). At a certain distance from the axis, the vertical displacement measured 270 

with topography UzTOPO becomes smaller than the one provided by the flat model 271 

solution UzFLAT , i.e. Uz_dif = UzTOPO 
- UzFLAT < 0 (Fig. 2c label V and Fig. 3a). Commonly, 272 



in the latter situation, Uz_dif is negligible (<< 1 mm) (Fig. 3a). However, for steep 273 

topographies with the pressure source located at depths d shallower than the 274 

corresponding edifice height h, i.e. d < h, (Model set 3,  > 30º, Supplementary material 275 

1) this difference may increase up to 1.5 mm (Fig. 3a Model set 3). It is evident that 276 

such high slopes may not be representative of edifice flanks but they may be of 277 

landslide scars or collapse caldera walls. Also remarkable is that the position of Uzmax 278 

migrates to larger r values for steeper topographies (Fig. 2c). Widening the volcano 279 

edifice (i.e. increasing R_edif), while keeping constant its height h and the pressure 280 

source depth d, does not change the extension of Uz perturbation (Fig. 2b label IX). 281 

Regarding the Ur profile, it is possible to detect the end of the topographic 282 

element, in this case, the central edifice. If Urmax is located at r < R_edif, there is a 283 

slight notch or slope change along the Ur profile (Fig. 2b label VI). This phenomenon is 284 

less marked for deeper pressure sources (Fig. 2a) and steeper edifice slopes (Fig. 2c).  285 

Higher flank slopes tend to shrink the Ur curve and also lead to Ur_dif = UrTOPO -
 286 

UrFLAT< 0, i.e. UrTOPO <
 
UrFLAT (Figs. 2b,c and 3). Whereas for the flat model the Ur 287 

pattern is monotonically growing until Urmax (Fig. 2a), under the presence of steep 288 

topography there is an inflection point located prior to Urmax at r =2a (Fig 2b and c label 289 

VII).  Besides, steeper edifice slopes tend to widen the area characterized by zero Ur at 290 

the top of the edifice, i.e. above pressure source (Fig. 2b label VIII).  291 

The effect of topography, especially in the case of steep volcanoes, has also a 292 

strong influence on the ratio between the maximum horizontal and vertical 293 

displacements Urmax/Uzmax (Trasatti et al. 2003; Lungarini et al. 2005)(Fig. 3b). In all 294 

our models the latter is considerably higher than the one provided by Mogi or McTigue 295 

models (Urmax/Uzmax  0.38), which remains constant for different source depths. 296 

Results obtained with Model set 1 (pressure source depth d varies) indicate that 297 

Urmax/Uzmax tends to  0.38 for increasing d. This is probably related to fact that, for 298 

shallow sources, volcano slopes enhanced the free effect on Ur, because some areas are 299 

not horizontally confined (Lungarini et al. 2005).When studying the results obtained 300 

with Model set 2 (edifice height h and pressure source depth d remain constant but 301 

R_edif and  vary), we observe that the ratio increases almost up to  = 25º, decreases 302 

slightly between 25º and 35º and suddenly increases for  >35º. The reason may be the 303 

non-linear increase rate of Urmax and Uzmax with . Up to around 25º, they have more or 304 

less the same increasing rate but Uzmax   accelerates earlier (at   25º) than Urmax (at   305 



35º) (Supplementary material 2). The results obtained for Model set 3, show how the 306 

ratio increases linearly with the slope angle  following a function Urmax/ Uzmax  = K1 307 

+K2 , where K1 and K2  are two constants that both depend on the pressure source depth 308 

d and the edifice radius R_edif (Supplementary material 3).  Regarding the increase in 309 

size of the edifice compared to the pressure source (Model set 4), for smaller edifices 310 

the Urmax/Uzmax  ratio is 0.44 and it starts increasing for R_edif > 2a. Then, when R_edif 311 

>5a there is a deceleration of the increase and the ratio remains approximately constant 312 

at 0.48. Lungarini et al. (2005) noticed that, in case topography is considered in the 313 

models, the Urmax/Uzmax ratio is strictly related to the source depth, being larger for 314 

shallower sources and smaller for deeper ones.  315 

Throughout these simple axisymmetric models, we extended the previous study 316 

and we observe how the influence of topography on the observed ground deformation 317 

signal is not simply dependent on RD and on depth, as previously stated, but on a set of 318 

parameters including edifice slope, size etc. For example, free effects on Ur due to areas 319 

not horizontally confined increase the Urmax/Uzmax ratio strongly depending on the 320 

edifice slope (Model set 3 results). In Model set 2 results, at a fixed distance r=4a from 321 

the pressure source axis, even if the difference between RDTOPO and RDFLAT  increases 322 

(in absolute values) with the edifice slope  (Supplementary Material 1), there is almost 323 

no difference in Uz for the =30 and =40 models (Figs. 2b and 3b). The same can be 324 

observed at r =6a or in the results of Model set 4.  325 

 326 

3. New 3D FEM models 327 

 328 

Here we investigate how changes in the ground deformation signal due to the 329 

presence of topography correlate with different parameters describing the terrain form. 330 

This is done by means of new 3D FE models for three topographically different 331 

volcanic areas: Rabaul and El Hierro and Tenerife islands. Results obtained are 332 

compared then to the analytical solution of the McTigue half-space model (McTigue 333 

1987).  334 

The rationale behind the election of these examples is because they represent 335 

three topographic scenarios common in volcanic areas (Fig. 4): i) Rabaul is the 336 

expression of a caldera with a smooth topography, ii) Tenerife - Las Cañadas volcanic 337 

area is a caldera characterized by a rim with high and steep slopes and the presence of a 338 



prominent central volcanic complex (Teide-Pico Viejo) and iii) El Hierro island, smaller 339 

in scale than Tenerife, is characterized by three convergent ridges of volcanic cones 340 

separated by wide and prominent landslides. Besides, these three areas have 341 

experienced periods of registered ground deformation signal (Rabaul and El Hierro) or 342 

may be prone to do so in the future (Tenerife) (McKee et al. 1984; Eff-Darwich et al. 343 

2008; López et al. 2012; González et al. 2013). A brief introduction to the individual 344 

case studies is offered below.  345 

 346 

3.1 Case studies 347 

 348 

Rabaul 349 

 350 

Rabaul is a historically active volcanic system with a nested 9  14 km caldera 351 

complex. Seismic tomography reveals that Rabaul is underlain by two low seismicity 352 

zones that have been interpreted as magma batches, a shallow one extending from 2 to 353 

4km depth and a not-well defined deeper chamber extending from 10 to 18 km depth 354 

(Finlayson et al. 2003; Bai and Greenhalgh 2005; Itikarai 2008; Johnson et al. 2010). 355 

Rabaul has erupted frequently in the last several hundred years being the most 356 

recent episode of volcanic unrest in 1971 culminating with the seismic crisis of 357 

September 1983 (McKee et al. 1984; Mori and McKee 1987; Mori et al. 1989; Jones 358 

and Stewart 1997; Itikarai 2008; Johnson et al. 2010). The seismic crisis was 359 

accompanied by about 80 cm of uplift in the central part of the caldera, which origin is 360 

still under debate. Whereas some authors suggest that deformation was due to the 361 

pressurization of shallow magmatic or hydrothermal sources in the caldera block 362 

(McKee et al. 1984; Mori and McKee 1987; Geyer and Gottsmann 2010), others 363 

suggested overpressure of a deep magma reservoir (De Natale and Pingue 1993), or the 364 

partial intrusion of a dike along the ring-fault structure (Saunders 2001; Saunders 2005). 365 

More recently, Ronchin et al. (2013) suggested the contribution of slip along a sector of 366 

the ring fault and shallow magma chamber pressurization using a combination of Okada 367 

model and a complex 3D FEM that included the topography. After May 1985, 368 

seismicity significantly decreased and the eruption did not take place until 1994. On 19 369 

September 1994, Rabaul began an explosive phase with the simultaneous eruption of 370 

two volcanic cones, located at the opposite sides of the caldera (Fig. 4a): Tavurvur and 371 



Vulcan. The activity at Vulcan ceased by 2 October 1994, whilst explosive eruptions at 372 

Tavurvur continue to occur intermittently. 373 

One of the main characteristic topographic features of the Rabaul complex is the 374 

caldera wall, which is interrupted to the East by the entrance to Blanche Bay. The 375 

maximum height of the emerged caldera scarp is approximately 450 m a.s.l. in the 376 

south-west, whilst in the north it reaches between 100 m and 180 m a.s.l. The caldera 377 

floor is 295 m b.s.l. at its deepest part in Karavia Bay (Fig. 4a). Besides, Rabaul area is 378 

characterized by a gentle low-lying topography interrupted by the small relief of the 379 

intracaldera cones and the satellite cones to the northeast (maximum elevation of Kabiu 380 

688 m)(Fig. 4a). 381 

 382 

Tenerife Island – Las Cañadas caldera 383 

 384 

Tenerife and El Hierro islands belong to the roughly linear 500 km long 385 

Canarian archipelago, result of a extended volcanic and tectonic activity that started 386 

around 60 Ma ago (Robertson and Stillman 1979; Le Bas et al. 1986; Araña and Ortiz 387 

1991; Marinoni and Pasquarè 1994). Tenerife is characterized by a long-lived (ca. 12 388 

Ma) subaerial volcanism including many constructive and destructive phases (Ancochea 389 

et al. 1990; Martí et al. 1994; Ablay and Martí 2000; Thirlwall et al. 2000; Carracedo et 390 

al. 2007; Blanco-Montenegro et al. 2011). Three basaltic shield volcanoes were formed 391 

between 11 and 4 Ma (Ancochea et al. 1990; Thirlwall et al. 2000): Teno, Anaga and 392 

Roque del Conde. Later, younger (<3 Ma) and more differentiated magmas (e.g. 393 

phonolitic) constructed the larger edifice, Las Cañadas volcano merging the shield 394 

remnants (Ancochea et al. 1990; Marti and Gudmundsson 2000; Carracedo et al. 2007). 395 

This edifice is truncated by three overlapping vertical collapses (Ucanca caldera 1.02 396 

Ma, Guajara caldera 0.57 Ma and Diego Hernandez caldera 0.17 Ma) that originated 397 

the current Las Cañadas caldera (Fig. 4b)(Martí and Gudmundsson 2000). A central 398 

volcanic complex composed by Teide and Pico Viejo twin volcanoes characterizes the 399 

last phase. 400 

The onshore seismic activity in April 2004 was the first documented unrest 401 

episode on Tenerife since the last volcanic eruption on 1909 (Gottsmann et al. 2006). 402 

Gravimetric and ground deformation studies over the period May 2004- July 2005 403 

detected an increase of material in the sub-surface, most likely caused by fluids 404 

migration, that did not involve any significant surface deformation (Gottsmann et al. 405 



2006). Other studies (Fernández et al. 2005) detected ground deformation due to 406 

changes in the ground water level. Thus, at the moment, unrest is only a seismic unrest 407 

not followed by any deformation due to magma pressure source. Nevertheless, surface 408 

deformations related to the volcanic activity may be possible in the future. This is why 409 

nowadays the scientific community is providing complex mathematical models of the 410 

island (Charco et al. 2007; Charco and Galán del Sastre 2014). Indeed, the study of 411 

Tenerife is important for the interpretation of possible deformation signals at the island 412 

itself or at volcanic areas with similar topographies. 413 

Principally, the island topography is characterized by large composite landslides 414 

on the northern (Icod and La Orotava valleys) and southeastern (Güimar valley) flanks 415 

(Fig. 4b). The highest relief is the volcanic complex Teide-Pico Viejo (3,718 m a.s.l) 416 

that is embraced to the southeast by the steep walls up to 500 m height of Las Cañadas 417 

caldera (Fig. 4b).  418 

 419 

El Hierro island 420 

 421 

El Hierro, the youngest of the Canary Islands (oldest subaerial rocks dated at 422 

1.12 Ma), is situated at the southwestern corner of the archipelago and rises from 4,000 423 

m depth to an altitude of about 1,500 m a.s.l (Guillou et al. 1996). The island was 424 

formed by the consecutive growth of two volcanic edifices, Tiñor volcano in the NE and 425 

El Golfo in the NW. El Hierro includes three rift zones defined by narrow and steep 426 

topographic ridges corresponding to aligned dike complexes with clusters of cinder 427 

cones. These rift zones are separated by the landslide scars of El Golfo, Las Playas, and 428 

El Julán to the NW, SE, and SW, respectively (Fig. 4c).   429 

Starting on 7 July 2011, different precursory signals were monitored to define 430 

the nature of El Hierro unrest that culminated the 10 October with a submarine volcanic 431 

eruption after, at least, 200 years of quiescence. The first precursor sign of magma 432 

intrusion was the north-east displacements recorded by a GPS station, followed by the 433 

earthquake swarm that was initially focused on the north of the island. Later in 434 

September, both seismicity and ground deformation seemed to trace a magma migration 435 

towards the south (López et al. 2012). By the time the eruption started, almost 10,000 436 

earthquakes had been located and a maximum deformation of more than 5 cm was 437 

recorded (López et al. 2012). 438 

 439 



3.2 FE Methodology 440 

 441 

The performed 3D FE models are constructed over a Cartesian coordinate 442 

system with positive z values related to altitude above sea level. The computational 443 

domain corresponds to an approximately 100  100 km portion of each of the selected 444 

volcanic area stretching to a depth of 20 km under the sea level (Fig. 1b)(Table 2). The 445 

computational domains are modeled as linear elastic material with a constant Young 446 

modulus of 45 GPa and Poisson’s ratio of 0.25 and their size ensures no border effects 447 

due to the assigned boundary conditions (i.e. fixed displacement at lateral walls and 448 

base)(Fig. 1b). In all models, the pressure source is represented by a spherical cavity of 449 

radius a=1,500 m, which top is located at the center of the computational domain at a 450 

depth d=3,000 m below the Earth’s surface. The pressure in excess P of 20MPa is 451 

imposed uniformly distributed around the cavity boundary. In each case, the topography 452 

is modeled as a parametric surface using as input data the DEM of the area with a 100 453 

m grid resolution.  UTM coordinates of the domain limits and pressure center (Cx, Cy, 454 

Cz) are listed in Table 2. 455 

The FE meshes of all three models consist of around a million of linear 456 

tetrahedral elements, with up to hundred meters size at the topographic surface and 457 

around the pressure source for higher accuracy of the results (Fig. 1b)(Table 2). The 458 

geometric modeling, mesh discretization and numerical computation were carried out 459 

with COMSOL Multiphysics 4.4 software package (http://www.comsol.com).  460 

In order to estimate the values of the different parameters describing the terrain 461 

form, we have sampled the topography with a regular square grid of 200 m sampling 462 

interval. This allows us to investigate the correlation between the topographic 463 

parameters and the displacement components (Uz and Ur) over a grid of points 464 

consistent in number and horizontal position respect to the pressure source for all the 465 

three models. At the same time, it allows to have a manageable number of sampling 466 

points, reducing the computational efforts during the calculation of the topographic 467 

parameters, while maintaining a good topographic resolution. 468 

For each grid point, we calculate Uz_dif and Ur_dif and correlate them with the 469 

values of the selected topographic parameters at that particular point. This allows us 470 

investigating the possible connections between topographic features and the difference 471 

in ground deformation signal. Similarly to the axisymmetric models of previous section, 472 

we chose as reference level for the flat model the altitude of the point on the Earth’s 473 

http://www.comsol.com/


surface (i.e. topographic surface) that is directly above the pressure source center. Thus, 474 

for the Rabaul case where the center of the deformation source is located under Blanche 475 

Bay, the reference level is positioned at 34.5 m b.s.l (Fig. 4a)(Table 2). In the case of 476 

Tenerife and El Hierro, the reference level almost corresponds to the maximum 477 

topographic elevation since the sources of deformation are placed under the Pico Teide 478 

and the edge of El Golfo embayment scarp, respectively (Fig. 4b and c) (Table 2).  479 

 480 

3.3 Topographic parameters 481 

 482 

To fully represent the geometric distortions introduced by the topography at 483 

each sampling point of the free surface, we perform the analysis using six topographic 484 

parameters. In terrain studies, the topographic surface is usually characterized by a 485 

series of standard parameters: i) slope (angle of inclination of a hillside), ii) aspect 486 

(direction in which a slope faces and relates to the north), iii) solar exposure (direction 487 

in which the slope faces and relates to the solar radiation), iv) profile curvature Kp 488 

(curvature of the surface in the direction of the steepest slope), and v) plan curvature Kc 489 

(curvature in a horizontal plane, i.e. the curvature of the hypothetical contour line that 490 

passes through a specific point). 491 

As one of the main interests in terrain studies is the effect of insolation, 492 

parameters such as the aspect are related to the geographic North. Here, we are mainly 493 

interested in describing how the different topographic features are related to the 494 

pressure source. Therefore, we have re-defined a parameter called EXPOSURE to 495 

describe the terrain form in a way relative to the pressure source and not to the solar 496 

radiation (e.g. Antonic and Legovic 1999). In the next lines we offer a short and 497 

simplified description of the topographic parameters used without any detail concerning 498 

the mathematics. A more extended explanation is included in Appendix 1.  499 

  In an intuitive way, if we think of the pressure source as a light source, the 500 

parameter EXPOSURE gives an idea about how it “illuminates” the topographic 501 

surfaces. In a more practical way, and applied to our case, assuming an overpressure in 502 

the source of deformation, this parameter allows us to identify those topographic 503 

surfaces that may (EXPOSURE > 0) or not (EXPOSURE < 0) be freely displaced 504 

because they are (or not) laterally confined. The parameter EXPOSURE at any point 505 

PTOPO is defined as the cosine of , the angle between the plane tangent to the surface 506 

and the plane orthogonal to the source direction (Fig. 5a)(Appendix A1).  The +1 and -1 507 



values are obtained when the two planes are parallel to each other (i.e. when the source 508 

direction is perpendicular to the terrain) and their normal vectors, ns and na (Fig. 5a), 509 

have concordant and opposite sign, respectively. By contrast, =0 corresponds to two 510 

perpendicular planes or, what is the same, that the source direction is tangent to the 511 

terrain. 512 

 The profile curvature Kp at each point PTOPO is the rate of change of the gradient 513 

along a profile passing through the topographic point (i.e. across the contour lines), 514 

whereas the plan (or contour) curvature Kc indicates the changing rate of the aspect 515 

(Fig. 5b). In any case, the curvature value is the reciprocal of the radius of curvature, i.e. 516 

a broad curve has a small curvature and a tight curve a high one. In this study, both Kp  517 

and Kc are expressed in radians per hundred meters. Commonly, the distribution of 518 

curvature per unit length (100 m in this work) in real-world DEMs is strongly peaked at 519 

the mode of zero (Evans 2013). Thus, the presence of extremely positive and negative 520 

values can “flatten” the colors of the image. In order to solve this and be able to plot in 521 

a visible way all curvature values, we have applied a transformation of Kc and Kp 522 

values (Appendix A1).  523 

 Additionally, we define SLOPEmax as the angle of the steepest descent (0-90°) of 524 

a regression plane generated by mapping the surface at a point through a least squares 525 

quadratic approximation approach (Young and Evans 1978; Wood 1996) (Appendix 1). 526 

Apart, we describe also the Radial Distance Difference RDD as: 527 

 528 

RDD = (RDTOPO  - RDFLAT)/ RDFLAT                                         [Eq. 2] 529 

 530 

which describes the increment or reduction of the radial distance RD due to the presence 531 

of topography.  RDD is expressed on a per unit basis. 532 

 Only four of the above-described parameters depend exclusively on the 533 

geometry of the topographic surface and are independent of the position of the pressure 534 

sources. These are: RDD, SLOPEmax, plane curvature Kc, and profile curvature Kp. By 535 

contrast, the parameter EXPOSURE is related to both the geometry of the topographic 536 

relief and the source position. Figure 6 includes the contour fill maps of each parameter 537 

for all three case study areas. 538 

 539 

 540 

3.4 Results 541 



 542 

Uz_dif and Ur_dif 543 

  544 

 As mentioned, we compare the 3D FE results with the analytical solution of a 545 

spherical pressure source embedded in an homogeneous elastic half-space provided by 546 

McTigue (1987). Expected vertical displacements are radially distributed around the 547 

pressure source axis with Uzmax located directly above the pressure source center (Fig. 548 

7). By contrast, maximum horizontal displacements are situated at a certain constant 549 

distance from the pressure source axis, drawing an annulus centered at the pressure 550 

source (Fig. 7).   551 

  In the case of Rabaul, the vertical deformation pattern obtained considering 552 

topography resembles the one expected by the analytical solution (Fig. 7a). Main 553 

differences are restricted to distances from the pressure axis smaller than 5a (i.e. r < 5a) 554 

and values of Uz_dif  below 1cm and mostly negative (i.e. UzFLAT > UzTOPO). Since in 555 

this example the reference level for the flat model is located below sea level (Fig. 4a), 556 

all satellite volcanoes around the bay (at distances < 5a) and the steep slopes of the 557 

rising caldera wall attenuate the vertical displacement signal (Fig. 7a label II and III, 558 

respectively). Only in those areas at the interior of Blanche Bay deeper than 34.5 m b.s.l 559 

(reference for the flat model), Uz is larger compared to the expected analytical results 560 

(Uz_dif > 0). Regarding the horizontal displacement, Ur_dif values are smaller than 1 561 

cm over the whole studied area. Higher positive values (i.e. UrTOPO > UrFLAT ) 562 

correspond to non-laterally confined structures located at the bay interior, just above the 563 

pressure source center (Fig. 8a label I), and at the satellite volcanoes to the east and 564 

northeast (Tavurvur, Turanguna and Kabiu) (Fig. 8a label II). Relative high positive 565 

values are located also at Vulcan (Fig. 8a label III) and at the southwestern rim of Tavui 566 

caldera (Fig. 8a label IV). By contrast, negative values of Ur_dif are localized on the 567 

steep slopes of the caldera wall (Fig. 8a label V) and to the northeast of Vulcan, inside 568 

Blanche Bay (Fig. 8a label VI).  569 

The biggest differences between the deformation signal calculated with the FE 570 

models and those expected by the McTigue model (McTigue 1987) are recorded for 571 

Tenerife, and El Hierro. In both cases, the reference level for the flat model corresponds 572 

to high altitudes over the sea level (Fig. 4b and c). Related to this, UzTOPO values are 573 

larger than UzFLAT ones (i.e. Uz_dif  >0) almost over the whole domain (Fig. 7b and c). 574 



For Tenerife and El Hierro, topographic effects on the vertical displacement 575 

signal are evident and mainly localized inside the r=3a perimeter. In the Tenerife 576 

model, the distribution of Ur_dif is practically concentric around the pressure source 577 

axis, slightly modified by the presence of other volcanic edifices overlapping the central 578 

Teide edifice, e.g. Pico Viejo. In El Hierro model, Ur_dif is strongly controlled by the 579 

ridges and the landslide scarps shaping the island. The same happens for Rabaul were 580 

the caldera rim and the satellite cones determine the negative and positive Ur_dif 581 

values, respectively.  582 

In the case of Tenerife, obtained UzTOPO and UrTOPO values are similar to the 583 

results of the axisymmetric FE models of Section 2 considering a volcanic edifice 584 

centered at the pressure source axis (Fig. 2). In the latter models, we observe Uzmax 585 

values distributed in an annular shape indicating a region of maximum uplift with a 586 

slight central depression (Cayol and Cornet 1998) (Fig. 2b label IV). In terms of Uz_dif 587 

values, this is translated into a local minimum (with Uz_dif   > 0) directly above the 588 

pressure center and absolute positive maximum values at a certain distance from the 589 

pressure source axis describing an annulus (Fig. 3). When using the real topography of 590 

Tenerife, we observe how the resultant Uz_dif pattern presents a local positive minimum 591 

of Uz_dif at the top of Teide (Fig. 7b label I) and maximum values are radially 592 

distributed around the pressure source axis, which corresponds almost to the axis of the 593 

Teide edifice (Fig. 7b). In more detail, we observe how the regular annular distribution 594 

calculated by the simplified axisymmetric models degenerates into two areas of local 595 

maxima corresponding to Teide’s northern (Fig. 7b label II) and southern (Fig. 7b label 596 

III) flanks. By contrast, Uz_dif slightly decreases at the local topographic heights of 597 

Montaña Blanca  (Fig. 7b label IV) and Pico Viejo (Fig. 7b label V).  The same 598 

observations apply for the horizontal displacements. Similar to the results obtained in 599 

Section 2 (Fig. 3), the maximum positive values of Ur_dif are located at an annulus of 600 

variable width centered at the pressure source axis at a distance r between a and 5a. The 601 

annulus appears to be wider in the Pico Viejo area (Fig. 8b label I) with higher Ur_dif 602 

values at the satellite cones located at the northern flank of Teide volcano (Fig. 8b label 603 

II) and the steepest southwestern slopes of Pico Viejo (Fig. 8b label III).  Negative 604 

Ur_dif values are circumscribed to the r = a perimeter with maxima at the steep 605 

northern (Fig. 8b label IV) and southern flanks of Pico Teide (Fig. 8b label V). 606 

In the case of El Hierro model, results obtained show maximum positive Uz_dif 607 



values inside the perimeter of r < 3a, with a maximum located at the head of El Golfo 608 

landslide (Fig. 7c label I). Relatively high Uz_dif values also expand to the southeast, 609 

along the North-South ridge (Fig. 7c label II) and a slight local maximum is likewise 610 

observable at Las Playas scar (Fig. 7c label III). Additionally, the highest negative 611 

Ur_dif values are located at the base of the El Golfo landslide head scarp (Fig. 8c label 612 

I). For this model, Ur_dif are discontinuously scattered between the r = a and 3a 613 

perimeters differing from the concentric distribution observed for the Tenerife model. 614 

The highest positive Ur_dif values can be found on the low topographic and flat area of 615 

El Golfo landslide (Fig. 8c label II), and on the edge of its scarps running west and 616 

northeast from the pressure source axis (Fig. 8c labels III and IV).  617 

   618 

Correlation with topographic parameters 619 

   620 

We are interested in investigating the correlation between the evaluated 621 

topographic parameters and the differences in the vertical and horizontal displacement 622 

Uz_dif and Ur_dif, respectively (Fig. 9). For this, we estimate the Spearman’s rank 623 

correlation coefficient Rs (Gauthier 2001). The latter is a non-parametric measure of the 624 

strength of a monotonic relationship between paired data measured on at least an ordinal 625 

scale. The test, relatively insensitive to outliers and unaffected by the 626 

skewed distributions of the population (as is the case of Uz_dif, Ur_dif and most of the 627 

topographic parameter), is used for either ordinal variables or for interval data that has 628 

failed the assumptions necessary for conducting the Pearson’s product-moment 629 

correlation (e.g. linearity, normality, non- or poorly skewed variables). The closer Rs to 630 

+1 or -1 the stronger the monotonic relationship between the two variables (positive or 631 

negative). Rs comes with the significance value that gives an idea about how significant 632 

(and not related to random scores) is the inferred relationship. The selected horizontal 633 

distance intervals and their corresponding numbers of samples used to calculate the 634 

correlation are (Fig. 9): 0-a (176 samples), a-3a (1410 samples), 3a-5a (2825 samples), 635 

5a-7a (4249 samples), 7a-9a (5652 samples) and 9a – 11a (7070 samples). We have 636 

tested that the interval selection for the analysis does not change significantly the results 637 

obtained. Further details on the Spearman’s Rank Correlation are included in Appendix 638 

2.  639 



Analyzing the results obtained for all case studies and parameters (Fig. 9), the 640 

first clear outcome is the lack of a common pattern in all three models. Starting with the 641 

possible correlations of Uz_dif and Ur_dif with SLOPEmax, results indicate that it is 642 

weak to very weak for Rabaul (for both Uz_dif and Ur_dif). By contrast, in Tenerife 643 

there is a strong positive correlation of SLOPEmax with Uz_dif at horizontal distances 644 

from the pressure source axis up to 3a. This means that the vertical deformation is 645 

amplified (UzTOPO > UzFLAT) in areas of higher SLOPEmax. For El Hierro, strong positive 646 

correlation of SLOPEmax with Uz_dif is only at distances r < a.  647 

In all three models RDD and Uz_dif are very strong negatively correlated for r < 648 

a. This strong correlation can be extended up to r=3a in the case of Rabaul. This 649 

indicates that Uz_dif increases (UzTOPO > UzFLAT) when RDD tends to negative values, 650 

i.e. there is a decrease in the radial distance from the observational point to the pressure 651 

source when passing from a flat model to one with topography (RDDTOPO < RDD FLAT). 652 

Contrarily, for distances greater than 5a, in the case of Tenerife and Rabaul the 653 

correlation passes from very weak to very strong positive (Fig. 9). The type of 654 

correlation of RDD and Ur_dif  differs in all three models. In the case of Rabaul, it is 655 

moderate to weak at any distance from the source. Contrarily, the Tenerife model shows 656 

strong negative correlation for r between 3a and 5a and El Hierro model strong to very 657 

strong positive correlation for r < a and r >5a. 658 

In the case of the EXPOSURE parameter, there is no clear pattern common for 659 

all three models. Whereas in the Rabaul model the correlation of EXPOSURE and 660 

Uz_dif is only moderate to weak, for Tenerife it is very strong and positive for r 661 

between a and 3a.  662 

Both correlations between profile and plan curvatures (Kp and Kc) and the 663 

deformation components are weak to very weak in all models independent of r. 664 

 665 

4. Discussion  666 

 667 

 Results obtained in this and previously published works, clearly demonstrated 668 

that extension, distribution and values of the vertical and horizontal displacements 669 

caused by the volume change of a buried pressure source may be modified under the 670 

presence of a non-flat topography.  671 

On the one hand, the models using simplified topographies such as the ones 672 

presented in Section 2, allow understanding the influence of specific topographic 673 



features such as a centered volcanic edifice. By contrast, the results of these new 3D 674 

models using real topographies permit us to observe how at each observational point, 675 

PTOPO, the correlation between the topographic features and changes in the ground 676 

deformation signal is not straightforward.  677 

From the performed Spearman’s rank correlation (Fig. 9), we obtain that there is 678 

a certain correspondence between some topographic parameters (e.g. EXPOSURE, 679 

SLOPEmax and RDD) and changes in Ur and Uz due to the presence of topography. 680 

Whereas there are some common features (strong negative correlation for RDD and 681 

Uz_dif for r < a in all models), these correlations vary from one case study to the other. 682 

A first assumption is that variations in the Spearman’s correlation coefficient depend on 683 

the distance to the pressure source and on each specific topography, or, in other words, 684 

an exclusive combination of the different topographic parameters. In order to 685 

understand why the correlation coefficients obtained are different in all three case 686 

studies, we analyze separately and carefully what changes in the individual 687 

topographies with distance to the source.  688 

In Figure 10 we have plotted for each observational point PTOPO the value of 689 

EXPOSURE, SLOPEmax and RDD to the horizontal distance to the pressure source. In 690 

all three case studies, EXPOSURE decreases with r (Figs. 6 and 10a). This is easy to 691 

understand since EXPOSURE values close to 0 indicate topographic surfaces parallel to 692 

the pressure source direction (i.e. small  values)(Fig. 5a). Nevertheless, there are some 693 

particular differences between case studies. First, there is a quite important dispersion of 694 

the data for r > 0 (for El Hierro) or r > 2a (for Rabaul). In the case of Tenerife, this 695 

dispersion does not appear until r > 4a.   This is probably due to the fact that up to this 696 

distance, the central, and close-to-conical, Teide-Pico Viejo edifice is the dominant 697 

topographic feature. From 4a onwards, we find the Cañadas caldera wall, which leads to 698 

data dispersion.  In the other two examples, irregular and varied morphologies such as 699 

satellite cones in the case of Rabaul or a series of landslide scars in El Hierro are 700 

scattered all over the entire area.  701 

In the case of RDD, for the Rabaul model it covers almost equally both positive 702 

and negative values over a more or less constant range (Fig. 10b).  There are two 703 

positive peaks, one at a < r < 2a corresponding to Tavurvur volcanic edifice and a 704 

bigger one between 2a and 4a, which corresponds to Kabiu, Turangunan and Vulcan 705 

edifices and the caldera wall. By contrast, both Tenerife and El Hierro case studies 706 

show nearly the same behavior, with almost all RDD negative values, i.e. there is a 707 



“loss” of mass with respect to the flat model. There is a peak of negative values at r 708 

between 2a and 3a for Tenerife (Pico Teide northern and southern steep flanks) and 709 

between a and 2a for El Hierro (El Golfo and Las Playas landslide structures). The main 710 

difference between the Tenerife and the El Hierro RDD values is that the latter ones are 711 

more scattered.  712 

When observing the values of SLOPEmax over r for El Hierro, these are mainly 713 

located in a band covering from 0 to around 30º. SLOPEmax values over 30º are mostly 714 

due to the steep walls of the landslide scars of El Golfo, El Julan and Las Playas.  In the 715 

case of Rabaul, most data are located in a band between 0 and 10º. In distances 716 

comprised between a and 4a, SLOPEmax values reach up to 35º, which correspond to the 717 

volcanic edifices flanks around the caldera and the caldera walls themselves. 718 

We investigate now the distribution of Uz_dif and Ur_dif versus the different 719 

topographic values (Figs. 11 and 12). For the Rabaul case, it is clear that the best 720 

correlation is reached for Uz_dif and RDD considering r < 3a (negative Rs, Uz_dif 721 

increases as RDD decreases) and r > 5a (positive). There is also a slight correlation of 722 

SLOPEmax and Uz_dif for r < a.  In the case of Ur_dif, only a minor correlation with the 723 

EXPOSURE parameter for 3a < r < 5a and >7a is visible. This is clearly different for 724 

Tenerife and El Hierro where there is a well-defined correlation for Uz_dif, 725 

EXPOSURE, SLOPEmax and RDD (Fig. 11a). It is curious the difference between the 726 

correlation of EXPOSURE with Uz_dif and Ur_dif. In the first case, it is monotonically 727 

increasing for a<r<5a, i.e. higher EXPOSURE values leads to higher Uz_dif values and 728 

there appears to be no correlation for r<a and r>5a. Even for r<a the values of Uz_dif 729 

are high. By contrast, for Ur_dif, the relation with the EXPOSURE parameter shows a 730 

“D-shaped” distribution with the smaller (negative) values closer to the pressure source.  731 

In the case of Tenerife, the correlation of Uz_dif with SLOPEmax for r<5a is also 732 

clear.  It is very interesting to see, for example, how the distribution of the EXPOSURE 733 

values versus Uz_dif and Ur_dif show similar distribution for El Hierro and Tenerife. 734 

However, this is not the case for SLOPEmax or RDD. Considering the values comprised 735 

in the range 0<r<5a, the positive correlation between EXPOSURE and Uz_dif is 736 

represented by a distribution of points around a single trend in the Tenerife case, while 737 

for El Hierro these points are distributed along two trends (Fig. 11a). The trend that 738 

reaches higher levels of Uz_dif corresponds to the points located at El Golfo 739 

embayment; the second trend  to the points situated on the opposite side of the scarp 740 

edge.  741 



The “D-shaped” distribution of EXPOSURE values versus Ur_dif (Fig. 12a) is 742 

very clear for Tenerife. For higher EXPOSURE values (i.e. 0.8-1) and for lower ones 743 

(i.e. -0.2- 0.3) there is no correlation between Ur_dif and EXPOSURE. The positive 744 

correlation is clearer for EXPOSURE values between 0.3 and 0.8, both for Tenerife and 745 

El Hierro (Fig. 12a). For low EXPOSURE values the deformation field “illuminates” the 746 

topographic surface in a tangential way. Thus, the points on vertical radial walls that are 747 

pushed radially encounter the resistance of the following material along the wall, thus 748 

generating smaller Ur displacements (e.g. scarp of El Golfo embayment, Fig. 8c). 749 

Higher Ur displacements are located on the edge of the scarp wall where the points are 750 

free to move radially (e.g. edges of El Golfo embayment, Fig. 8c). For similar reasons, 751 

steep flanks dipping outward the pressure source are not laterally confined and 752 

therefore, less “resistant” to deformation. In addition due to the edifice morphology, the 753 

points closer to the source of deformation (and thus subjected to a stronger deformation) 754 

are located along the slope of the edifice. Therefore, the lack of material, both laterally 755 

and vertically, influences the field/distribution of horizontal and vertical displacements. 756 

In summary, although there is a clear correlation of the different topographic 757 

parameters and the resultant Uz_dif and Ur_dif values, it is not consistent among all 758 

three case studies. This leads us think that there is a general mutual dependency 759 

between the different studied parameters including the distance to the source. In order to 760 

investigate this, we have plotted r/a, RDD and EXPOSURE together with Uz_dif and 761 

Ur_dif (Fig. 13). We can observe that for the same RDD value, Uz_dif values increase 762 

as the EXPOSURE parameter increases. It is also clear that high RDD and EXPOSURE 763 

values and low r/a, lead to high positive Uz_dif values. Contrarily to what is assumed 764 

now, increasing or decreasing RDD (or the distance to the pressure source) does not 765 

imply and increment or reduction of Uz_dif or Ur_dif. We interpret this as being one 766 

topographic parameter more or less efficient changing the ground deformation signal 767 

depending on the general morphology of the area. 768 

Since topography around Rabaul Caldera does not present important positive or 769 

negative reliefs, a flat model is expected to be accurate enough for this area. This is true 770 

for Uz that shows small differences between the flat and the topographic model even 771 

close to the deformation source (for r<3a) where the topographic parameter with 772 

dominating correlation is RDD. However, even if the flat model is a good 773 

approximation for the Uz component, it misses to represent the Ur perturbations 774 

localized on the slopes of satellite volcanoes (Fig. 7b II, III) where there is a moderate 775 



correlation between RDD and SLOPEmax. SLOPE_A and EXPOSURE start to have a 776 

stronger correlation with Ur from distances r>3a. 777 

The effect of topography is not only restricted to the fact that RDD increases due 778 

to an increase in altitude. Other factors such as the terrain form or the influence of the 779 

combination of land features are key parameters. If in the case of Tenerife the 780 

topographic signal resembles the one generated by a synthetic cone of about 30° slope, 781 

for El Hierro, the big area where the material is “removed” due to El Golfo landslide 782 

doubles and shifts the ground deformation signal making more difficult a comparison 783 

with a simplified synthetic edifice. 784 

 In areas where there are abrupt topographic changes (i.e. El Hierro), the 785 

relationships between the deformations and the topographic parameters are less clear. 786 

This could be due to the fact that spatial variations in the deformation field do not 787 

accommodate as fast as the topographic parameter variations. This support the idea that 788 

the deformation field is influenced by the presence of topographic structures that have a 789 

“synergetic” impact on the deformation. It is also important to know how these 790 

structures are situated towards the pressure source, if these are concentric, outward 791 

dipping, etc. Topography will not affect equally to different magma chamber shapes or 792 

positions, even being the same topography.  793 

Regarding the use of half-space solutions, within all tested models, the effects of 794 

topography vanishes at a distance from the pressure source axis. This would indicate 795 

that for such distances, half-space solutions could be used as a relatively proper 796 

approximation for quantitative interpretation. 797 

 798 

  799 

5. Summary and conclusions 800 

 801 

We have run a series of new Finite Element models to evaluate the topographic 802 

effect on ground deformation signals including both synthetic axisymmetric models and 803 

3D ones using real topographies. We have selected three case studies Rabaul, Tenerife 804 

and El Hierro, since these are representative for topographies in volcanic areas. Results 805 

obtained are clear and contradict the general assumption that the main and possibly 806 

unique parameter controlling the topographic effect on ground deformation signal is the 807 

change in radial distance RD to the pressure source. Further topographic parameters 808 



such as the slope or EXPOSURE (i.e. terrain exposure toward the direction of the 809 

deformation source) at the observation point play also an important role.  810 

Even being under the effects of the same pressure source (in terms of geometry 811 

and pressure in excess), since the parameters describing the terrain form combine 812 

differently in the selected case studies, the consequent topographic effects are dissimilar 813 

in all three cases, From all three examples, Tenerife is the only one showing a 814 

deformation pattern closer to the results of the synthetic models presented by Cayol and 815 

Cornet  (1998) and complemented in this work. Two important factors play a role in the 816 

displacement field of Tenerife. There where the deformation signal is stronger, the 817 

topography is proxy to a regular cone and besides the pressure source is almost centered 818 

at its symmetry axis. We have seen how morphologies altering the symmetry of the 819 

topography such as Pico Viejo or Montaña Blanca also modify the Uz_dif and Ur_dif.    820 

In areas with smooth topography, the result is practically the same than for the 821 

flat model, being topographic effects quite small and most probably below instrumental 822 

resolution. Special attention has to be paid when studying areas with abrupt topographic 823 

changes such as prominent landslide scars or steep collapse caldera walls, in particular 824 

if these are orthogonally exposed to the direction of the pressure source (i.e. 825 

EXPOSURE ≈ 1 or -1). These areas may correspond to extremely free or laterally 826 

confined surface leading to important amplifications or attenuations of the deformation 827 

patter, specially the horizontal component.  828 

Thus, when studying the ground deformation signal at an area, especially when 829 

trying to invert it for differentiating the responsible pressure source, we recommend 830 

performing a topographic study first. This should include an analysis of the most 831 

prominent terrain forms in the area in terms of topographic parameters such as slope 832 

and EXPOSURE. Besides, preliminary forward models with a simplified version of the 833 

topography may help to understand the topographic effects existing in the ground 834 

deformation signal and may serve to filter them from the obtained data. A good example 835 

has been here shown for Tenerife island, where the morphology of Teide central 836 

volcanic edifice, close to a symmetrical cone, leads to alterations in the ground 837 

deformation signal similar to the synthetic results presented in previous studies.  838 

Topographic effects in certain areas have been demonstrated to be of high 839 

relevance and therefore, flat half space models should be avoided whenever possible. Or 840 

in any case, FE models should be run and deformational results should be interpreted 841 

after the analysis of how the topography of the area may affect the results obtained.  842 



 843 

 844 

Appendix 1: 845 

 846 

Topographic parameters 847 

 848 

In order to evaluate the values of the different topographic parameters describing 849 

the terrain form at each of the case studies, first, we approximate the topographic 850 

surface by a bivariate quadratic function in the following form (Young and Evans 1978; 851 

Wood 1996): 852 

 853 

Fiz(Tx, Ty) = a Tx
 2
 + Ty

2
 + c T x Ty + d Tx + e Ty + f           [Eq. A1] 854 

 855 

where Tx , Ty are the x- and y-coordinates of the point of interest PTOPO_i of the sampling 856 

grid. The method approximates the terrain surface to a local quadratic surface fitting, in 857 

a least square sense, the bivariate quadratic function (Eq. A1) to eight grid altitude 858 

values surrounding the point of interest (Fig. 5b). Using a 33 submatrix grid cell that 859 

moves along the grid, the calculation of the coefficients of Eq. A1 is reduced to a series 860 

of simple arithmetic equations (Young and Evans 1978; Florinsky 1998) derived by 861 

Pennock et al. (1987): 862 

 863 

a=[( T1z + T3z + T4z + T6z + T7z + T9z)/(6 L
2
)]-[( T2z + T5z + T8z)/(3L

2
)]   [Eq. A2] 864 

 b=[( T1z + T2z + T3z + T7z + T8z + T9z)/(6L
2
)]-[( T4z + T5z + T6z)/(3L

2
)]     [Eq. A3] 865 

   c=( T3z + T7z - T1z - T9z)/(4L
2
)     [Eq. A4] 866 

   d=( T3z + T6z + T9z - T1z - T4z - T7z)/(6 L
2
)  [Eq. A5] 867 

   e=( T1z + T2z + T3z - T7z - T8z - T9z)/(6 L
2
)  [Eq. A6] 868 

 f=1/9[2( T2z + T4z + T6z + T8z)-( T1z + T3z + T7z + T9z)+(5T5z)] [Eq. A7] 869 

 870 

where Tiz is the altitude value of the -i point of the submatrix. Nine values of altitude are 871 

used to estimate six coefficient of the polynomial (Eq. A1). This fitting provides an easy 872 

calculation of the first and second derivate of the surface used to calculate the slope, the 873 

aspect, the exposure and the curvatures (Pirotti and Tarolli 2010). 874 



The polynomial (Eq. A1) approximates the z coordinates of the 3×3 submatrix 875 

rather than passing exactly through these values (Florinsky 1998). This leads to some 876 

smoothing of the z function within the 3×3 submatrix, that is, a low-pass filtering that 877 

can provide more correct calculation of derivative (Florinsky 1998). Among the several 878 

methods proposed for trend surface analysis, the quadratic approximation approach 879 

provides the most precise estimate of topographic variables in the presence of elevation 880 

errors (Florinsky 1998; Albani et al. 2004) such as the errors introduced by COMSOL 881 

during the meshing process of the topographic surface. 882 

 883 

EXPOSURE 884 

 885 

The parameter EXPOSURE, the terrain exposure toward the direction of the 886 

deformation source, at any point PTOPO is defined as the cosine of the angle  between 887 

the plane tangent to the surface (normal vector na in Fig.5a) and the plane orthogonal to 888 

the source direction (normal vector ns in Fig.5a). It can be computed from Antonić and 889 

Legović (1999): 890 

 891 

 [Eq. A8] 892 

 893 

where μ it the terrain maximum slope, γ is the terrain aspect, δ is the azimuth of the 894 

direction toward the pressure source (different for each point at the terrain surface) and 895 

β is the horizontal angle of the source direction (Fig.5a). The terrain aspect γ is 896 

defined by the direction of maximum slope and describes the horizontal direction to 897 

which a mountain flanks with respect to the geographic North. The aspect in degrees (0-898 

360°) is calculated computing the angle between the North and the direction of steepest 899 

descent (clockwise from the North) using the formula:  900 

 901 

          [Eq. A9] 902 

 903 

where d and e are the parameters obtained from Equations A5 and A6, respectively. 904 

The parameter EXPOSURE ranges from -1 to +1. The 0 value is obtained for flat 905 

surfaces (i.e. μ=0, sin(μ)=0) with the direction of the source parallel to the plane 906 

tangent to the surface (i.e. β=0, sin(β)=0). The maximum value, +1, is obtained, for 907 



example, in the ideal case when the direction of the source is perpendicular to a terrain 908 

flat surface (μ=0 and β=90°) and has sign concordant with the vector normal to the 909 

terrain surface (na, Fig. 5a). That is when, due to β=90°, the second right term of 910 

Equation A8 goes to zero (cos (β)=0), and the first right term to its maximum value 911 

(cos(μ)·sin(β)=1). 912 

 913 

Profile and plan curvatures: Kp and Kc 914 

 915 

The curvature of a line is obtained by intersecting a plane with the terrain 916 

surface and corresponds to the second partial derivative of the terrain (Evans 1979). The 917 

two curvatures computed in this study, expressed in radians per hundred meters, are 918 

(Fig. 5b): i) the plan (or contour) curvature Kc, which is the rate of change of aspect 919 

along a contour measured at the point of interest, and ii) the profile curvature Kp, which 920 

is the rate of change of gradient measured at PTOPO. Thus, Kp is the curvature of the 921 

surface in the steepest down-slope direction,  wh i l e  Kc is the curvature of a contour 922 

drawn through PTOPO (Fig. 5b).  923 

The quadratic function at Equation A1 has the advantage that the second order 924 

properties (curvature or convexity) can be directly computed from the function. Evans 925 

(1979) defines profile and plan curvature as follows: 926 

 927 

Kc = -2 (ad
2
+be

2
+cde)[(e

2
+d

2
)(1+d

2
+e

2
)
1.5

] 
-1 x 100                        [Eq. A10] 928 

Kp=-2 (bd
2
+ae

2
-cde)[(e

2
+d

2
)
1.5

]
-1

x100                             [Eq. A11] 929 

 930 

where a, b, c, d and e are the same coefficients of Equation A1 and described in 931 

Equations A2 to A6. In general, the units of curvature are radians per meter, which 932 

correspond to the change in orientation that results from travelling 1 m along the 933 

respective line (McKenzie et al. 2008). Because curvature values are much less than 934 

one, the curvature terms Kp and Kc are multiplied by 100 in Equations A10 and A11. 935 

Therefore, here the curvatures are expressed in radians per 100 meters. Commonly, the 936 

distribution of curvature per unit length (100 m in this work) in real-world DEMs is 937 

strongly peaked at the mode of zero (Evans 2013). Thus, the presence of extremely 938 

positive and negative values can “flatten” the colors of the image. To solve this and 939 

thus, being able to plot in a visible way all curvature values, we have applied a 940 



transformation to the Kc  and Kp values. This transformation requires the calibration of 941 

a constant multiplier, k, which is chosen to minimize kurtosis in a trial-and-error 942 

process: 943 

 944 

                             [Eq. A12] 945 

                             [Eq. A13] 946 

 947 

where TKc and TKp have the same sign as Kc  and Kp, respectively. The constant 948 

multiplier k is 10
6 

 for both curvatures.  949 

 950 

 951 

SLOPEmax 952 

 953 

 SLOPEmax is defined as the angle of the steepest descent (0-90°) of a regression 954 

plane generated by mapping the surface at a point through a least squares quadratic 955 

approximation method (Young and Evans 1978; Evans 1979; Wood 1996). The 956 

maximum slope SLOPEmax can be calculated as follow (Wood 1996):  957 

 958 

                                      [Eq. A14]  959 

 960 

where d and e are the coefficients of Equation A1 defined in Equations A5 and A6 , 961 

respectively. This formula provides the maximum slope in radians; we converted the 962 

resulting radians to degrees since they are more intuitive values for the representation of 963 

the slope steepness. 964 

 965 

Appendix 2: 966 

 967 

 Spearman’s Rank correlation 968 

 969 

Spearman’s Rank correlation is a non-parametric measure of the strength and 970 

direction of association that exist between two variables measured on at least an ordinal 971 

scale (Gauthier 2001). The test is used for either ordinal variables or for interval data 972 

that has failed the assumptions necessary for conducting the Pearson’s product-moment 973 



correlation (e.g. linearity, normality, non- or poorly skewed variables). The calculation 974 

of Spearman’s correlation coefficient Rs and its subsequent significance testing, 975 

requires the following data conditions: 1) variables are measured on (occasionally 976 

ordinal) interval or ratio level and 2) variables are monotonically related. The obtained 977 

Spearman’s correlation coefficient is a statistical measure of the strength of a monotonic 978 

relationship between paired data and it is useful with ordinal data and is robust to 979 

outliers (unlike Pearson's correlation). In a monotonically increasing function (positive) 980 

as the x-variable increases the y-variable never decreases. By contrast, it is said to be a 981 

monotonically decreasing (negative) when as the x-variable increases the y-variable 982 

never increases. Consequently, a not monotonic function is that where the x-variable 983 

increases and the y-variable sometimes decreases and sometimes increases. The 984 

prediction or null hypothesis is that there is no monotonic correlation (with Pearson we 985 

investigate the linearity, with the non-parametric Spearman we cannot test the kind of 986 

relationship, but just how much monotonic and which direction). 987 

The Spearman’s correlation coefficient is by design constrained as follows: 988 

 989 

   -1≤ Rs ≤ 1     (and its significance, p-value)       [Eq. A13] 990 

 991 

The closer Rs to +1 or -1 the stronger the monotonic relationship between the two 992 

variables (positive or negative). Rs comes with the significance value that gives an idea 993 

about how significant (and not related to random scores) it is the relationship just found. 994 

The significance of Rs, p-value, is provided as a value in the interval 0.0-1.0 and 995 

corresponds to the probability that the found Rs value is due to random chance. A small 996 

significance p-value allows us to reject the null hypothesis (i.e. that the correlation value 997 

is due to chance) and indicates that the Rs value is significant. Commonly, a p-value of 998 

0.05 indicates a very high significant Rs value.  999 

Correlation is an effect size and so its strength can be described using the 1000 

following guide for the absolute value of Rs: 0.00 - 0.19 “very weak”; 0.20 - 0.39  1001 

“weak”;  0.40 -0.59 “moderate”; 0.60 - 0.79 “strong”; 0.80 - 1.0 “very strong”. Besides, 1002 

if Rs is negative indicates that the two variables are inversely related (one increases as 1003 

the other decreases). By contrast, if Rs> 0, then both variables are positively correlated 1004 

(they both increase together). Note that, being the Spearman’s correlation coefficient a 1005 

measure of a monotonic relationship, a value of Rs = 0 does not imply there is no 1006 



relationship between the variables. For example, in the case of perfect quadratic 1007 

relationship Rs = 0. 1008 
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 1316 

Figure captions 1317 

 1318 

Figure 1: a) Schematic illustration of the axisymmetric FE models indicating the 1319 

applied boundary conditions. The model domain extends up to 25 km depth and up to 1320 

25 km laterally from the axis of symmetry. Black crosses indicate fixed zero 1321 

displacement along the domain edges; b) FE mesh and boundary conditions of the 3D 1322 

models (example of Tenerife island). Black crosses indicate fixed zero displacement 1323 

over the domain boundary; c) Graphical representation of the difference between the 1324 

Reference Elevation Model REM and the Varying-Depth Model VDM; d) conceptual 1325 

difference when defining the sea level or the volcano summit as reference level for the 1326 

flat model.  1327 

 1328 

Figure 2: Normalized vertical Uz (left) and horizontal Ur (right) displacements for the 1329 

different axisymmetric FE model sets summarized in Table 1. Black dashed and dotted 1330 

lines correspond to the analytical solution of the McTigue model (1987) for a pressure 1331 

source depth of 6a (a-c) or 4a+h (d). Black dashed lines represent the solutions 1332 

considering the sea level, z=0 (also edifice base in our models), as reference for the flat 1333 

model. The dotted lines are the solutions considering the altitude of the point on the 1334 

Earth’s surface (i.e. topographic surface) that is directly above the pressure source 1335 

center (edifice summit in our models), as reference for the flat model. A sketch of these 1336 

two reference levels for the flat McTigue analytical models are illustrated in the inset in 1337 

the upper left graph, where r is the horizontal distance from the observation point to the 1338 

pressure source center. Meaning of the different variables is in the text and illustrated in 1339 

Figure 1a. 1340 

 1341 

Figure 3: a) (left) Difference between the vertical displacements expected by the 1342 

McTigue solution for a half-space with the altitude of the point on the Earth’s surface 1343 

(i.e. topographic surface) directly above the pressure source center (or edifice summit in 1344 

Tenerife and El Hierro models) as reference level UzFLAT and the FE models considering 1345 

topography UzTOPO. We define Uz_dif = UzTOPO – UzFLAT . (right) The same for the 1346 

horizontal displacements, i.e. Ur_dif = UrTOPO – UrFLAT. b) ratio between the maximum 1347 

horizontal Urmax and vertical  Uzmax displacements for the different FE models 1348 

 1349 



Figure 4: Location, topography, and representative elevation profile of the different 1350 

studied areas: (a) Rabaul, (b) Tenerife and (c) El Hierro. For all three models profiles, 1351 

the pressure source location and the reference level for the flat model are marked with a 1352 

red circle and a horizontal green dashed line, respectively. The profiles’ horizontal axes 1353 

correspond to the pressure source distance assuming the coordinates listed in Table 2. 1354 

 1355 

Figure 5: a) The EXPOSURE parameter depends on: i) the direction of the pressure 1356 

source described by its horizontal angle β  and azimuth δ  and ii) the plane 1357 

representing the topographic surface -described by the maximum slope μ and its aspect 1358 

γ. The na and ns are the normal vectors to the topographic surface and the plane 1359 

perpendicular to the direction of the source, respectively. b) Contour curvature Kc and 1360 

profile curvature Kp. The location of the underlying gridded map, with L node distance 1361 

of 200 m, has been added for reference. The annotation of nine grid nodes represents the 1362 

33 nodes used in the parameters calculation (SLOPEmax, EXPOSURE, Kc and Kp), 1363 

where node 5 represents the point PTOPO at which the parameters values are calculated. 1364 

 1365 

Figure 6: (a) SLOPEmax , (b) EXPOSURE,  (c) Kp, (d) Kc and (e) RDD maps for the 1366 

three areas of study: Rabaul , Tenerife and El Hierro. Dashed lines show the caldera 1367 

rims and landslides scars. Thin dotted lines indicate equal horizontal distance from the 1368 

pressure source center axis for 3a, 5a, 7a, 9a and 11a. Black circles correspond to the 1369 

plan view of the pressure source. Name codes are as in Figure 4. 1370 

 1371 

Figure 7: For all three study areas:(left) vertical displacement UzFLAT obtained with the 1372 

McTigue solution (1987) for a half-space model which free surface is leveled with the  1373 

altitude of the point on the Earth’s surface (i.e. topographic surface of the corresponding 1374 

FE model) directly above the pressure source center, (center) vertical displacement 1375 

UzTOPO obtained with the new FE models considering topography and (right) the 1376 

residuals Uz_dif = UzTOPO - UzFLAT.  1377 

 1378 

Figure 8: For all three study areas:(left) vertical displacement UrFLAT obtained with the 1379 

McTigue solution (1987) for a half-space model which free surface is leveled with the  1380 

altitude of the point on the Earth’s surface (i.e. topographic surface of the corresponding 1381 

FE model) directly above the pressure source center, (center) vertical displacement 1382 



UrTOPO obtained with the new FE models considering topography and (right) the 1383 

residuals Ur_dif = UrTOPO - UzFLAT 1384 

 1385 

Figure 9: Spearman’s correlation coefficients (Rs) for the relationships between the 1386 

topographic parameters (SLOPEmax, EXPOSURE , Kp, Kc and RDD) and the 1387 

deformation residuals Uz_dif and Ur_dif for all three models. Correlations are 1388 

calculated at different intervals of distance from the center of the free surface (above the 1389 

pressure source center). These distances are marked in the maps with dashed lines (left) 1390 

and in the graphs with light grey vertical lines at the following horizontal distances from 1391 

the pressure source axis: a (1,500 m), 3a (4,500 m), 5a (7,500 m), 7a (10,500 m), 11a 1392 

(16,500 m), where a is the radius of the pressure source (1,500 m).  Note that lines that 1393 

connect the Rs values along the graphs are only for illustrative purposes, the Spearman’s 1394 

correlation coefficient is calculated only once per interval. The degree of correlation is 1395 

represented by a grey-scale in the graphs and the degree of its significance is 1396 

represented by dots of different size. 1397 

 1398 

Figure 10: Plot of the main topographic parameters measured at each sampling point 1399 

PTOPO, versus the radial distance of the point from the center of the free surface (above 1400 

the pressure source center). For all three studied areas: a) EXPOSURE versus radial 1401 

distance (r/a), b) RDD versus radial distance (r/a), and c) SLOPEmax versus radial 1402 

distance (r/a). 1403 

 1404 

Figure 11: Plot of the main topographic parameters versus Uz_dif, measured at each 1405 

sampling point PTOPO. For all three studied areas: a) EXPOSURE versus Uz_dif, b) RDD 1406 

versus Uz_dif, c) SLOPEmax versus Uz_dif. 1407 

 1408 

Figure 12: Plot of the main topographic parameters versus Ur_dif, measured at each 1409 

sampling point PTOPO. For all three studied areas: a) EXPOSURE versus Ur_dif, b) RDD 1410 

versus Ur_dif, c) SLOPEmax versus Ur_dif. 1411 

 1412 

Figure 13: For all three models, representation of the parameters r/a, RDD, and 1413 

EXPOSURE together with Uz_dif, (a) and Ur_dif (b). 1414 

  1415 



 1416 

Table caption 1417 

 1418 

Table 1: Parameters describing the different axisymmetric model sets. Variables are 1419 

described in the text and Figure 1a. The second column illustrates simplified sketches of 1420 

the model’s upper domain and the variable conditions in the model set. All three models 1421 

extend up to 25 km depth and have the same spherical pressure source, of 0.5 km radius. 1422 

Its top is located at 3000 m below surface and the selected magma overpressure is 15 1423 

MPa. Gray cells highlight the variable parameters in the model sets. 1424 

 1425 

 1426 

Table 2: Principal parameters values and properties of the 3D FEM models. All three 1427 

models extend up to 20 km depth and have the same spherical pressure source, of 1.5 1428 

km radius, corresponding to a volume of 14.13 km
3
. Its top is located at 3000 m below 1429 

surface and the selected magma overpressure is 20 MPa. The minimum and maximum 1430 

values of topographic parameters are listed. 1431 

 1432 

 1433 
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TABLE 1 
 

 a d h  R_edif 

Model set 1:  
 

Changing the 

pressure source 

depth d 

 

0.5 km 2– 18a 3a 20 
8.24a 

(h/tan) 

Model set 2:  
 

Changing the 

edifice slope  , 

keeping the height h 

constant  

0.5 km 6a 3a 10-40 
3.58-17.01a 

(h/tan) 

Model set 3: 

  

Changing the edifice 

slope , keeping the 

radius R_edif 

constant  

0.5 km 6a 

 

 

0.17-8.39a 

(R_edif·tan) 

 

1-40 10a 

Model set 4:  
 

Changing the 

edifice radius 

R_edif,  keeping the 

slope  constant  

0.5 km 4a+h 
0.17-8.39a 

(R_edif·tan) 
20 2-18a 
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TABLE 2 

 

 

 Rabaul model Tenerife model El Hierro model 

FEM domain coordinates (m) (UTM zone 56S) (UTM zone 28N) (UTM zone 28N) 

 xmin = 360290 

xmax = 460290 
xmin = 288901 

xmax = 398901 
xmin = 153272 

xmax = 253272 

 ymin = 9480000 

ymax= 9580000 

ymin = 3078450 

ymax= 3178550 

ymin = 3034950 

ymax = 3121050  

Pressure centre (m) Cx = 410290 

Cy = 9530100 

Cz = -2965.5 

Cx = 339030 

Cy = 3128400 

Cz = -542.8 

Cx = 203272 

Cy = 3071000 

Cz = -1640.8 

Level of reference flat free surface (m) 34.5 b.s.l 3542.8 a.s.l 1359.2 a.s.l 

N° Mesh elements 1.452 106 0.954 106 1.049 106 

RDD (%) min=-0.05 min=-0.29 min=-0.27 

 max=0.09 max=-0.1210-3 max=0.02 

SLOPEmax  () 
min = 0.01 

max = 36.87 

min = 0.04 

max = 52.18 

min =  0.09 

max = 60.81 

EXPOSURE   ( - ) 
min = -0.34 

max = 0.99 

min =  -0.45 

max = 0.99 

min = -0.35 

max = 0.99 

Plan curvature Kc (radians· (100·m)-1 ) 
min =  -0.493 

max = 0.392 

min = -1.075 

max =0.723 

min =  -0.755 

max = 1.418 

Profile curvature Kp (radians· (100·m)-1) 
min = -0.037 

max =0.054 

min = -0.140 

max =0.134 

min = -0.307 

max = 0.421 
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Table caption 1482 

 1483 

Table 1: Parameters describing the different axisymmetric model sets. Variables are 1484 

described in the text and Figure 1a. The second column illustrates simplified sketches of 1485 

the model’s upper domain and the variable conditions in the model set. All three models 1486 

extend up to 25 km depth and have the same spherical pressure source, of 0.5 km radius. 1487 

Its top is located at 3000 m below surface and the selected magma overpressure is 15 1488 

MPa. Gray cells highlight the variable parameters in the model sets. 1489 

 1490 

 1491 

Table 2: Principal parameters values and properties of the 3D FEM models. All three 1492 

models extend up to 20 km depth and have the same spherical pressure source, of 1.5 1493 

km radius, corresponding to a volume of 14.13 km
3
. Its top is located at 3000 m below 1494 

surface and the selected magma overpressure is 20 MPa. The minimum and maximum 1495 

values of topographic parameters are listed. 1496 

 1497 

 1498 
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