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Abstract

:

By referring to the two strongest earthquakes of the 2016–2017 Central Italy seismic sequence, this paper presents a procedure to make shaking maps through empirical relationships between macroseismic intensity and ground-motion parameters. Hundreds of waveforms were processed to obtain instrumental ground-motion features which could be correlated with the potential damage intensities. To take into account peak value, frequency, duration, and energy content, which all contribute to damage, cumulative absolute velocity and Arias intensity were used to quantify the features of the ground motion. Once these parameters had been calculated at the recording sites, they were interpolated through geostatistical techniques on the whole struck area. Finally, empirical relationships were used for mapping intensities, i.e., potential effects on the built environment. The results referred to both earthquake scenarios that were analyzed and were also used for assessing the influence of the spatial coverage of the instrumental network. In fact, after the first events, the Italian seismic network was subjected to the addition and thickening of sensors in the epicentral area, especially. The results obtained by models only dependent on ground-motion parameters or even on the epicentral distance were compared with the official ShakeMaps and the observed intensities for assessing their reliability. Finally, some suggestions are proposed to improve the procedure that could be used for rapidly assessing ground shaking and mapping damage potential producing useful information for non-expert audience.
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1. Introduction


Observations about the effects of seismic shakings are at the base of macroseismic intensity scales, such as Rossi–Forel (RF, [1]), Mercalli–Cancani–Sieberg (MCS, Sieberg, [2]), Modified Mercalli (MM, [3,4]), Medvedev–Sponheuer–Kárník (MSK, [5]), and the European Macroseimic Scale (EMS, [6]). Instrumental measures, conversely, can be used for quantitative assessments of the ground motion based on real recordings. A topic of great interest for earthquake engineering is the assessment of the damage potential due to an earthquake based on the distribution of the felt intensity. This relation depends on some variable elements such as local geological conditions, the type of buildings and their construction period, uncertainty related to materials, and the condition of the constructions before earthquake. However, today, instrumental seismology offers the possibility of correlating many observed data (macroseismic intensity) with parameters widely used for engineering purposes (ground-motion measures), thus making it possible to obtain empirical models for linking the two variables. On the other hand, in many areas of the world strongly exposed to seismic hazard, seismic networks can provide ground-motion recordings with dense spatial coverage, and these data are often available in a relatively short period of time. Therefore, these data can be used to determine the location and magnitude of the earthquake, as well as ground-motion shaking maps by interpolation of ground-motion parameters, which are directly obtained by recordings. In addition, based on the ground-motion shaking maps, it is possible to produce intensity maps, which have become adopted worldwide to provide quantitative, first-order assessments of the level of shaking and of the extent of potential earthquake damage. Intensities have been found informative by non-expert audiences unfamiliar with instrumental ground-motion parameters [7,8]. In addition, intensities predicted on a regular grid can be useful to make inferences about the level of strong ground motion experienced after a larger earthquake in localities where little instrumental data are available [9].



Some attempts have been made to correlate macroseismic intensity with the peak or spectral features, most frequently to peak ground acceleration (PGA), since this parameter is related to seismic-resistant design, to peak ground velocity (PGV) or to PseudoSpectral Acceleration (PSA) (e.g., [10,11,12,13,14,15,16,17,18,19]).



According to the method proposed by Wald et al. [7,20,21], in Italy, ground-motion shaking maps in terms of PGA, PGV, and PSA at 0.3, 1.0, and 2.0 s are elaborated by National Institute of Geophysics and Volcanology; hence, intensity ShakeMaps are obtained through conversion relationships between peak ground-motion parameters and the MCS intensities [8,9].



To take into account other ground-motion characteristics, such as frequency, duration, and energy content, which all contribute to structural damage, empirical equations have been proposed to correlate cumulative parameters that are more efficient for representing earthquake destructiveness potential against the felt intensity. Two of the simplest and most studied parameters are Arias intensity (AI, [22]) and cumulative absolute velocity (CAV, [23]), mathematically defined by Equations (1) and (2), respectively:


  A I =  π  2 g     ∫  0   t  m a x     a    ( t )   2  d t  



(1)






  C A V =   ∫  0   t  m a x      |    a  ( t )   |    d t  



(2)




where a(t) is the value of acceleration at time t and tmax is the total duration of the ground motion.



Moreover, the standardized cumulative absolute velocity (CAVSTD) is used to prevent low-amplitude, non-damaging ground motion from contributing to the CAV. In fact, CAVSTD is mathematically defined by Equation (3) [24]:


  C A  V  S T D   =   ∑   i = 1  N   [  H  (  P G  A i  −  a  t h r    )    ∫   i − 1  i   |  a  ( t )   |  d t  ]   



(3)




where N is the number of non-overlapping one-second time intervals, PGAi is the peak ground acceleration in the time interval i, athr is the threshold value of acceleration, and H(x) is the Heaviside step function given by Equation (4):


  H  ( x )  =  {      0 ,     x < 0       1 ,     x ≥ 0        



(4)







If the value of acceleration in the time interval i is greater than athr, the whole interval of the record contributes to the CAVSTD. Therefore, CAVSTD will always be equal to or less than CAV; in fact, the difference can be quite large for long-duration and small-amplitude records [25].



Both AI and CAV (or CAVSTD) include the cumulative effects of the ground-motion duration differently based on the peak ground motion and response spectral parameters commonly used in engineering analysis. However, these parameters also have some limitations, i.e., neither AI nor CAV explicitly account for arrival time of the different phases of energy [25] such as a large velocity pulse, which can affect the structural response due to near-source ground motion (e.g., [26]).



Cabanas et al. [27] tested several relationships between representative parameters of ground-motion energy and damage data using 25 recordings from four earthquakes in Italy (ML between 4.7 and 6.5). They observed that AI and standardized CAVSTD showed good correlation with macroseismic effects observed after an earthquake. They further correlated AI and different versions of CAVSTD characterized by values of threshold acceleration from 5 to 25 cm/s2 with MSK intensity and observed damage. They concluded that these parameters showed good correlation only with observed structural damage for the poorest construction type (i.e., buildings in field stone, rural structures, adobe houses, and clay houses).



Koliopulos et al. [28] conducted work on a Greek strong motion database in order to obtain regression equations for MM intensity and various ground-motion parameters, such as duration, CAV, AI, and Housner spectrum intensity. About 10 years later, Tselentis and Danciu [29] also developed relationships for PGA, PGV, AI, and CAV, correlated with the observed MM intensity for a Greek strong motion database of 310 records from 89 earthquakes (MW up to 6.9). In order to reduce the observed biases in the residuals, they found that the magnitude, distance, and site conditions should be introduced as variables in the relationships. Their final relationships showed standard deviations between 0.649 and 0.679, indicating that all four physical parameters were equally good at predicting MM intensities.



As found by analyzing different studies in the literature, Campbell and Bozorgnia [25] assert that some version of CAV is superior to (or as good as) peak-amplitude, spectral-response, duration-based, and damage-related intensity based on their correlation with seismic intensity or observed damage and their high level of predictability (i.e., their relatively small standard deviations).



In this framework, the paper mainly focuses on testing a procedure that is able to produce reliable shaking maps obtained by CAV and AI ground-motion parameters against macroseismic intensity. The presented procedure is applied to the instrumental data available for the main earthquakes of the 2016–2017 Central Italy seismic sequence, i.e., MW 6.0 Amatrice and MW 6.5 Norcia earthquake. The study area and data from recordings of the ground motion are presented initially (Section 2.1). The methodology is explicated in order to understand the data processing both for interpolating engineering parameters with geostatistical techniques (Section 2.2) and for correlating these features with the macroseismic intensity (Section 2.3). The application to the two earthquakes of the Central Italy seismic sequence is shown, and a comparison with the official ShakeMaps is proposed (Section 3). Finally, conclusions and any potential improvements are highlighted (Section 4).




2. Materials and Methods


In the first subparagraph, the data and study area are presented, which is followed by the procedure. Details are provided about the two phases: (1) the interpolation of the engineering ground-motion parameters CAV and AI through geostatistical techniques and (2) the application of relationships between these parameters and macroseismic intensity.



2.1. Study Area and Data


On 24 August 2016, a MW 6.0 (at 01:36:32 UTC) earthquake struck an extended region of the Central Apennine, which is one of the most seismically active areas in Italy. This strong earthquake (see red star in Figure 1a) occurred close to the Accumuli village (epicentral distance about 1 km) and the Amatrice towns (epicentral distance 10 km), producing some casualties and strong damage to the buildings (e.g., [30,31]) and historic heritage (e.g., [32]) in many towns around the epicenter. The following seismic sequence produced hundreds of aftershocks per day [33], including a MW 5.4 earthquake on August 24 (at 02:33:34 UTC). About two months after the Amatrice earthquake, on 26 October, two other moderate–strong earthquakes (MW 5.4 and 5.9) occurred at about 14 km NNE of Norcia, near the Visso village. All of these earthquakes, preceding the strongest event, a MW 6.5 on 30 October (at 06:40:18 UTC), occurred at about 5 km north of Norcia (see red star in Figure 1b). This terrible seismic sequence had widespread effects on the built environment—several historic centers were significantly damaged and/or partially destroyed. In addition, the strong events triggered ground failures and deep-seated landslides (e.g., [34,35]). In this framework, the Amatrice earthquake caused about 300 casualties due to the collapse of several buildings, but luckily, the following ones did not produce victims mainly because immediately after the first event, people had been evacuated.



In this work, data referring to the MW 6.0 Amatrice earthquake (see Figure 1a) and the MW 6.5 Norcia earthquake (see Figure 1b) have been analyzed. The two earthquakes were mainly recorded through the Italian national accelerometric network, operated by the Department of Civil Protection. The recordings are available on the Italian Accelerometric Archive Itaca [36]. Figure 1 maps the two configurations of the seismic network for the two earthquakes; to be noted is the different concentration of seismic stations close to the epicenters during the earthquake of Norcia (Figure 1b) with respect to that of Amatrice (Figure 1a).



The horizontal acceleration time histories, with two orthogonal components for each site, were processed for calculating CAVSTD with a threshold acceleration of 10 cm/s2, AI, PGA, and PGV.



For the rest of the paper, for simplicity, CAV10 indicates the standardized cumulative absolute velocity with a threshold acceleration of 10 cm/s2.



It should be noted that no site corrections were applied to the parameters to avoid introducing further uncertainties. In fact, for the recording sites, the soil classification was available linked to the near-surface velocities, i.e., the average of shear-wave velocities from the surface to 30-m depth (Vs30); however, this parameter seemed to suffer from low accuracy and poor correlation (e.g., [37,38]). Since it was decided not to introduce site correction in the processing, the recordings on site classified as D (Vs30 < 180m/s) or E (alluvium layer with thickness between 5 m and 20 m, and Vs30 < 360 m/s) following Eurocode 8 were excluded, i.e., eight recording sites for both earthquakes; in fact, these sites are considered potentially subject to the more significant local effects.



The distributions of the ground-motion parameters for the two earthquakes are shown in Figure 2 after the logarithmic transformation.




2.2. Geospatial Interpolation


Interpolations were performed through kriging techniques that apply linear-weighted averaging methods with weights dependent not only on the distance, but also on the direction of the neighboring data to the unsampled location. In addition, for both analyzed cases, the cokriging method was applied using alternatively CAV10 and AI, with one as primary data and the other as secondary data besides PGA and PGV. The latter method considers the correlations among the different parameters.



The ground motion features obtained from the horizontal components (north-south and east-west) were used in the interpolation process, therefore two values were related to each recording site. Extensive discussion of the theoretical basis of geostatistics applied to the environmental process can be found in the literature (e.g., [39,40,41,42]). The spatial dependence between neighboring observations is often expressed through the semivariogram, which is a widely used geostatistical tool for modelling regionalized variables such as spatially distributed ground-motion measures [43,44,45,46]. Under the hypothesis of second-order stationarity and isotropy, the empirical semivariogram, γ(h), can be defined as half the average squared difference between all points located at distance h, and it is mathematically expressed by Equation (5):


  γ  ( h )  =  1  2 N  ( h )      ∑   i = 1   N  ( h )       [  Z  (   x i   )  − Z  (   x i  + h  )   ]   2   



(5)




where Z(x) indicates the magnitude of the variable at location x, Z(x + h) that at distance h from the previous one, and N(h) is the total number of pairs of data that are separated by a distance h.



However, it is not always the case that two sites are separated by exact lag; therefore, a distance bin [h − ∆h, h + ∆h] is defined. In this work, a lag size between 4 and 5 km was used to group data pairs for computing semivariograms in order to ensure at least some pairs of data in each bin and to compensate for the poor data within the short separation distance.



Practically, the presence of a trend is detected when the semivariogram does not have a stable sill, i.e., the maximum value of the semivariogram (cf. Figure 3a,b). For this reason, before proceeding to calculate semivariograms, variables were corrected through detrending processing. In this work, this was done by fitting a trend surface to the original values by weighted least squares and then subtracting the value of the trend surface function from the original ones, thus constructing a new residuals variable. First-order polynomials were used for removing overall trend and bias.



A mathematical model must be used to compute the semivariogram value for any possible sampling interval. Practically, the coefficients are estimated so that the chosen model best fits semivariogram values that are calculated for defined lag distances. Most commonly used models are circular, spherical, exponential, and Gaussian [39,40], which are described in Equations (6)–(9) (cf. Figure 3a).



Circular semivariogram model:


   {      γ  ( h )  =   2 s  π   [   h R    1 −    (   h R   )   2    + a r c s i n  (   h R   )   ]  + n       s           for           R < h           for   0 ≤ h ≤ R  



(6)







Spherical semivariogram model:


   {      γ  ( h )  = s    [   3 2   h R  −  1 2     (   h R   )   3   ]  + n       s             for           R < h           for   0 ≤ h ≤ R  



(7)







Exponential semivariogram model:


    γ  ( h )  = s  [  1 − e x p  (  −   3 h  R   )   ]  + n      



(8)







Gaussian semivariogram model:


    γ  ( h )  = s    [  1 − e x p  (  − 3    (   h R   )   2   )   ]  + n      



(9)







In the previous equations: n is the nugget, i.e., the value of the empirical semivariogram corresponding to zero intersite distance; s is the sill, i.e., the maximum value of the semivariogram (cf. Figure 3b); and R is the range, which represents the intersite distance at which the difference between the semivariogram and the sill becomes negligible (cf. Figure 3b). In this work, the weighted least squares method was then used as a reference to manually adjust parameters for well-fitting semivariograms at short interdistance.



The reliability of the semivariogram model can be tested through the cross-validation technique, which is able to exclude one datum at a time from the dataset and, hence, to estimate this value through remaining those using the different semivariogram models. The interpolated values are compared with the actual ones and the model producing most accurate predictions is kept [39,42]. By means of cross-plotting between estimated and true values, the validation can be performed and the correlation coefficient calculated.



Kriging provides the solution to the problem based on a continuous model of the stochastic spatial variation. It takes into account property variation in space through the semivariogram model. Since the original formulation, different kinds of kriging techniques have been elaborated based on linear or nonlinear methods to deal with increasingly complex problems. The ordinary kriging technique is the most robust interpolation estimator used to find the best linear unbiased estimate. The estimates are the weighted linear combination of the data, where the weights are assigned to the sample data within the neighborhood of the point to be estimated in such a way as to minimize the estimation of variance [40].



The general equation of the kriging estimator is


   Z *   (   x 0   )  =    ∑   i = 1  n    λ i  Z  (   x i   )   



(10)




where Z*(x0) is the estimated value at point x0, Z(xi) is the known value at point xi, and λi is the weight associated with the data. In order to achieve unbiased estimations, the following set of equations should be solved simultaneously:


   {         ∑   i = 1  n    λ i  γ  (   x i  ,    x j   )  − μ = γ  (   x i  ,    x j   )           ∑   i = 1  n    λ i  = 1                                                                                  



(11)




where μ is the Lagrange multiplier and γ(xi, xj) is the value of the semivariogram between the data points xi and xj.



The cokriging method takes into account information on several variable types. In fact, the primary data are estimated by the secondary ones. For this method, Equation (11) can be rewritten as follows:


   {        ∑   l = 1  v     ∑   i = 1    n l      λ  i l    γ  l v    (   x i  ,    x j   )  −  μ v  =  γ  u v    (   x j  ,   x  )           ∑   i = 1    n l      λ  i l   =  {      1 ,       1 = u       0 ,       1 ≠ u                                                                                        



(12)




where u and v are the primary and secondary variables, respectively. The u and v are cross-correlated and the covariate contributes to the estimation of the primary value. Therefore, this method requires estimating the autocorrelation for each variable by mean of Equation (5) and the cross-correlation between the primary variable and each secondary one by Equation (13):


   γ  u v    ( h )  =  1  2 N  ( h )      ∑   i = 1   N  ( h )     [   Z u   (   x i   )  −  Z u   (   x i  + h  )   ]   [   Z v   (   x i   )  −  Z v   (   x i  + h  )   ]   



(13)







Theoretically, cokriging can improve predictions obtained by kriging; in fact, if there is no cross-correlation, the method falls back on autocorrelation. However, each time the unknown autocorrelation parameters are calculated, it introduces more variability, so the gains in precision of prediction may not be worth the additional computational effort.



Accuracy Assessment


The predicted values obtained by different geostatistical methods were compared with the truth data to analyze their similarity. Three indexes were calculated for each model: normalized mean absolute error (NMAE), root mean squared error (RMSE), and the Pearson correlation coefficient (R2). To evaluate the indexes, Equations (14)–(16) were used:


  N M A E =       ∑   i = 1  n   |     t i  −  p i   |     n        ∑   i = 1  n   t i   n     



(14)






    R S M E =       ∑   i = 1  n     (   t i  −  p i   )   2   n     



(15)






     R 2  =     ∑   i = 1  n   (   t i  −  t ¯   )   (   p i  −  p ¯   )        ∑   i = 1  n     (   t i  −  t ¯   )   2     (   p i  −  p ¯   )   2       



(16)




where ti and pi are truth and predicted values, respectively, of the examined parameter at the ith point, whereas t and p overmarked are the average values, and n is the number of the measurement points. Based on these indexes, the reliability was assigned to the models.





2.3. Relationships of Macroseismic Intensity with Ground-Motion Parameters


Three different predictive relationships were used for mapping the macroseismic intensity, which are those proposed by Cabanas et al. [27] (reported as CAB97 later), Koliopulos et al. [28] (KOL98), and Tselentis and Danciu [29] (T&D08). These predictive models were selected mainly for two reasons: (1) they are derived from data close to the study area and (2) the relationships based both on cumulative absolute velocity and Arias intensity were obtained. The relationships were based on the mean of the observed ground-motion parameters at each level of macroseismic intensity, and they were expressed by means of the following mathematical form:


  I = a + b × log  ( Y )   



(17)




where I is the macroseismic intensity, a and b are the coefficients of the regression curves, and log (Y) is the natural logarithm for CAB97 and KOL98 or the base-10 logarithm for T&D08 of the ground-motion parameters (CAV10 or AI). It is worth pointing out that cumulative absolute velocity with the acceleration threshold of 20 cm/s2 was used in CAB97 and KOL98, whereas 10 cm/s2 was used in T&D08; however, in this work, CAV10 was always used to obtain precautionary values. The correlations between macroseismic intensity and ground-motion parameters were obtained considering the felt intensities within a circular area surrounding the recording station. According to the suggestion of Tselentis and Danciu [29], since the scatter associated with the mean values of their relationship is relatively large (within one to two units), the model dependent on the base-10 logarithm of the epicentral distance was also used, for which the scatter was reduced to within one-half and one unit. This latter model is hereinafter reported as T&D08-2. Please note that, although this latter model takes into account the local geological conditions by simply subtracting 0.105 from the MM intensity in the case of soft soils, as a precaution, this term was not considered in the following predictions.



To summarize, the regression models dependent only on ground-motion parameters (CAB97, KOL98, and T&D08) can be used as rapid damage assessment tools, regardless of the epicenter location. Alternatively, if the epicenter is known with good reliability, the predictive model T&D08-2 may also be used.





3. Results and Discussion


3.1. Interpolation of the Strong-Motion Parameters


To interpolate the CAV10 and AI ground-motion parameters, kriging and cokriging methods were used assuming different models to fit the variogram values: circular, spherical, exponential, Gaussian, and rationale quadratic. The cokriging method was applied assuming alternatively CAV10 and AI as primary and the other one with PGA and PGV as secondary variables.



The accuracy of prediction for the two methods and different models are reported in Table 1, for ground-motion parameters related to the Amatrice earthquake, and in Table 2, for the Norcia earthquake. In these tables, the NMAE, normalized with respect to the mean value of the measured parameter, the RMSE, and the R2 are reported.



All analyzed cases show that the best model is the exponential one. However, for the first MW 6.0 earthquake that occurred on 24 August, cokriging with the exponential fitting model seems to be a more accurate estimation of the ground-motion parameters than kriging with the same model. Conversely, for the MW 6.5 Norcia event of 30 October, the two methods are practically comparable. The best-fitting models show spatial correlation distances of 25 km for CAV and 32 km for AI with reference to the MW 6.0 Amatrice earthquake, whereas it is 34 km and 30 km, respectively, for the MW 6.5 Norcia earthquake.



The cross-validation considering kriging and cokriging with the exponential fitting model both for CAV10 and AI are shown in Figure 4 and Figure 5 for the Amatrice and Norcia earthquakes, respectively. The figures show that CAV10 is better predicted, and in fact, NMAEs calculated for these parameters are lower than those for AI, generally.



The figures also graphically show that the cokriging method is useful for improving the predictions only for the first of the two earthquakes. Probably, this effect is affected by the distribution and number of seismic stations close to the epicentral area. In fact, during the Amatrice earthquake, the measurement points closest to the epicenter were located at 8.5 km and 16 km from it and aligned in a SSE–NNW direction (cf. Figure 1a), whereas, along the orthogonal direction, the stations were at a distance farther than 25 km. In this configuration, where the estimations are more affected by measurements performed at long distances from the seismogenic source, the cross-correlation between primary and secondary variables produces an appreciable improvement in the prediction. Since the seismic network was thickened immediately after the first event, near the sources especially, the Norcia earthquake was recorded by a greater number of sensors close to the epicenter, which were well spaced and distributed throughout the area, with 11 stations recording the ground motion at epicentral distances between 4 km and 18 km (cf. Figure 1b). This new configuration seems to make the application of the cokriging method practically useless, especially when taking into account the additional computational effort.



Figure 6 represents the correlation between the predictions obtained by two geostatistical techniques with the exponential model. The trend shows that cokriging slightly overestimates the variables. In fact, the linear regression lines, with zero value of intercept, have slopes slightly greater than one. The results of the interpolation process obtained through the best-fitting models are mapped in terms of CAV10 and AI values for the Amatrice earthquake in Figure 7a,b and the Norcia earthquake in Figure 7c,d, respectively.




3.2. Maps of Macroseismic Intensity


Figure 8 shows the intensity maps for the MW 6.0 Amatrice earthquake obtained through the three relationships that referred to both CAV10 and AI. It is worth mentioning that CAB97 produces intensities in MSK scale, whereas KOL98 and T&D08 in MM scale, although Musson et al. [47] give a conversion between the two scales and EMS that indicates a substantial correspondence up to an intensity of X.



The CAB97 relationship based on CAV10 provides an area of 250 km2 with intensity ≥VIII and a very large area of about 16,400 km2 with a value ≥VI (Figure 8a). This prediction seems to strongly overestimate the area potentially damaged, given that in earthquake engineering practice, MM intensity VI is considered a reference point for earthquake damage, i.e., no damages occur to buildings of good design and construction for lower MM intensity. The other two CAV10-based relationships predict different scenarios with respect to the previous one. In fact, KOL98 (Figure 8c) and T&D08 (Figure 8e) highlight areas of 680 km2 and 525 km2 characterized by intensity ≥VIII between Amatrice and Norcia, towards SSE–NNW along the strike direction of the seismogenic source (see the dashed rectangle in Figure 8), and maximum intensity up to about IX close to the epicenter (white star in Figure 8) next to Accumuli village.



Generally, the AI-based maps show intensities lower than those obtained by CAV. CAB97 (Figure 8b) provides values in the epicentral area up to VII-VIII, whereas, KOL98 (Figure 8d) and T&D08 (Figure 8f) provide areas of 230 km2 and 500 km2 with intensity ≥VIII.



To summarize, it is possible to highlight that: (1) CAB97 provides a lack of agreement between maps as a function of the two ground-motion parameters, and instead; (2) a better agreement is shown by KOL98 and, even more, T&D08, especially in the most struck area; (3) the latter two relationships based on the same ground-motion parameter give similar results.



Figure 9, similar to the previous one, shows the intensity maps for the MW 6.5 Norcia earthquake.



As shown in the previous case, the CAB97 relationships (Figure 9a,b), moving away from the epicenter, provide very different intensities between them, and the maximum values in the more struck area are lower than those obtained by other models. Instead, the intensities based on CAV10 and AI show a greater agreement using KOL98 (Figure 9b,e) and, even more, T&D08 (Figure 9c,f). In fact, the area with intensity ≥VI is between 12,000 km2 and 14,500 km2 considering KOL98 or T&D08 based on both CAV10 and AI. In addition, the area characterized by intensity ≥VIII is 1810 km2 and 1981 km2 as predicted by T&D08 based on CAV10 or AI, respectively, and maximum intensities up to X are given for this earthquake.



According to the model depending both on the ground-motion parameters and the epicentral distance, as proposed by Tselentis and Danciu [29], the intensity maps are shown in Figure 10.



It should be noted that intensities predicted by these model are generally lower than those provided by previous relationships for both the Amatrice (Figure 10a,b) and Norcia earthquakes (Figure 10c,d). In particular, values quickly decrease from the maximum one that is provided in correspondence to the epicenter. This effect is due to the negative contribution of the increasing epicentral distance. The comparison between maps based on CAV and AI highlights similar intensity close to the epicenter, whereas, moving away from it, the CAV-based relationships furnish values slightly higher, generally.




3.3. Comparison with Official ShakeMaps and Macroseismic Surveys


The results obtained by both models proposed by Tselentis and Danciu [29] are represented in Figure 11 as the mean of the intensities from CAV and AI—those only dependent on ground-motion parameters (Figure 11a,d) and, also, by epicentral distance (Figure 11b,e), each of them for the Amatrice and Norcia earthquakes, respectively. For the same geographical area, the official shaking maps (simply defined as ShakeMap below) according to Faenza and Michelini (2010, 2011) are shown for the two earthquakes (Figure 11c,f).



It should be kept in mind that intensity maps are expressed through the MM scale, whereas the official ShakeMaps refer to the MCS scale, although the conversion between the scales indicates a substantial correspondence up to an intensity of 10 [47].



The model that is only dependent on ground-motion parameters shows good agreement with the official maps for the highest intensity; in fact, normalized mean absolute gaps (which are calculated with an equation similar to Equation (14)) of 7% and 8% (for the two earthquakes) are associated to the intensity ≥VII. Instead, the same model shows a decreasing trend of the intensity which is more pronounced moving away from the epicenter with respect to the ShakeMaps. Contrariwise, the model dependent on the epicentral distance underestimates the intensities in most of the investigated area; in fact, the normalized absolute mean gaps in this case are 14% or 15% for intensity ≥VII.



Finally, the comparisons between the predicted and observed intensities (≥VI) are proposed in Figure 12. The observed intensities are those provided by the QUEST Group, which deals with carrying out macroseismic surveys immediately after a seismic event. This group made a first report on the effects of the Amatrice earthquake that occurred on 24 August 2016, [48] (cf. Figure 12a) and made updates following the subsequent severe shocks for the earthquakes of 26 and 30 October 2016 [49] (cf. Figure 12d). In the same figure, the comparisons between observed and predicted intensities are shown as normalized error in percentage (i.e., the difference between observation and prediction, in the same site, normalized with respect to the observation). The comparisons were performed for both the T&D08 model (Figure 12b,e), which only depends on ground-motion parameters, and the T&D08-2 model (Figure 12c,f), which also depends on the epicentral distance. The predicted intensities are the mean of those based on CAV and AI.



Keeping in mind the variability of the observed intensities, the trend of the errors seems to indicate different behaviors for the two models, especially when close to the epicenter. In fact, the T&D08 provides good agreement between predicted and observed intensities near the surface projection of the fault plane towards ENE from the strike direction (yellow circles close to the dashed red line in Figure 12b,e). Contrariwise, the same model overestimates the observed intensities towards WSW from the strike direction (cf. pink-purple circles close to the dashed red line in Figure 12b,e). It should be noted that negative values indicate predictions greater than the observed intensities, and vice versa. Opposite indications are given by the T&D08-2 model, which underestimates intensities towards ENE of the strike direction close to the fault plane (cyan-blue circles near the dashed red line in Figure 12c,f). In summary, the T&D08 model produces good predictions about the greater macroseismic intensities (cf. errors in Figure 12b,e correspond to red circles in Figure 12a,d, respectively) and it gives precautionary values, generally. Nevertheless, taking into account all data, T&D08-2 gives a better prediction with percentage errors mostly contained between −20% and 20% (about 83% of the observed intensities for both earthquakes). Probably, the differences between predicted and observed intensities close to the faults are also influenced by complex near-source effects (e.g., [50]). In addition, the underestimation of some predicted intensities with respect to those observed for the Norcia earthquake (positive errors in Figure 12f) could be affected by cumulative damage due to the moderate and severe earthquakes that occurred in the area within a few months.





4. Conclusions


In this paper, the author proposed a method to produce ground-motion shaking maps in terms of cumulative absolute velocity and Arias intensity and, thus, these were converted into intensity maps through some relationships available in literature.



An application of this procedure has been shown for the two strongest earthquakes of the seismic sequence that occurred in Central Italy between 2016 and 2017. Once the ground-motion parameters had been calculated on the basis of hundreds of horizontal recordings, kriging and cokriging geostatistical techniques with different models were compared for interpolation on the whole struck area. Additional calculation effort due to cokriging seems justified only for the first earthquake, for which the recordings in the epicentral area are limited and not spatially well-distributed. In the following phase, different relationships between intensity and ground-motion parameters were applied to obtain intensity shaking maps. The results obtained by models dependent only on ground-motion parameters were first analyzed, and afterwards, a model also dependent on epicentral distance was assumed.



The comparison with the official ShakeMaps showed a mean intensity in good agreement (and anyway, with precautionary values) in epicentral area applying the more recent models dependent only on the ground-motion parameters, whereas the model also dependent on epicentral distance produced lower intensities almost everywhere. Instead, the comparison with the observed macroseismic intensities (that obtained by field surveys) indicates that the models dependent only on ground-motion parameters well predict the greater intensities and overestimate the other ones, generally; whereas, when the model also dependent on epicentral distance is used, good agreement for most of the observations is found (83% of the data show an absolute percentage error lower than 20%), although the greater observed intensities (>IX) are generally underestimated.



The proposed procedure could be improved by the elaboration of new regression models of macroseismic intensity against the ground-motion parameters that are based on a more extended dataset, and probably by introduction of the local site effects, although this seems to not be strongly influential according to the proposed models. In addition, the near-source effects should be taken into account in the conversion of ground-motion parameters in intensity values.



Furthermore, rotation-invariant measures of the ground-motion parameters could be introduced in the interpolation process, in order to avoid any dependence on the orientation of the measuring sensors (e.g., [51]).



The first results obtained for the two specific earthquake scenarios look promising and this procedure could be used for rapid assessments of the damage framework on a large scale. It is worth emphasizing that the procedure should be used with care, keeping in mind the uncertainties dependent both on interpolation of ground-motion parameters and the relationships for predicting the macroseismic intensities.
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Figure 1. Configurations of the accelerometric seismic network during the two main events of the 2016–2017 Central Italy seismic sequence: on 24 August 2016, the MW 6.0 Amatrice earthquake (a), and on 30 October 2016, the MW 6.5 Norcia earthquake (b). Red stars are the epicenters (http://cnt.rm.ingv.it/) and dashed rectangles indicate the faults projected on the surface (http://shakemap.rm.ingv.it/). 
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Figure 2. Histograms of the engineering ground-motion parameters for MW 6.0 Amatrice earthquake (left panel) and MW 6.5 Norcia earthquake (right panel): standard cumulative absolute velocity with acceleration threshold of 10 cm/s2 (red bars), Arias intensity (green bars), peak ground acceleration (blue bars), and velocity (cyan bars). A natural logarithmic transformation was applied to all data. 
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Figure 3. Example of empirical semivariogram: original values together detrended ones and fitted models (a); detail on parameters for fitting a model (b). 
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Figure 4. Cross-validation between measured and predicted values through kriging (a,b) and cokriging (c,d) methods with the exponential fitting model for the MW 6.0 Amatrice earthquake. For the cokriging method, CAV10 and AI were selected alternatively as primary and the other one with PGA and PGV as secondary variables. 
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Figure 5. Cross-validation between measured and predicted values through kriging (a,b) and cokriging (c,d) methods with the exponential fitting model for the MW 6.5 Norcia earthquake. For the cokriging method, CAV10 and AI were selected alternatively as primary and the other one with PGA and PGV as secondary variables. 
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Figure 6. Cross-correlation between kriging and cokriging methods for CAV10 (a) and AI (b). 
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Figure 7. Interpolation of CAV10 and AI through the best-fitting models obtained for the MW 6.0. Amatrice earthquake (a,b) and the MW 6.5 Norcia earthquake (c,d). White stars are the epicenters (http://cnt.rm.ingv.it/) and dashed rectangles indicate the faults projected on the surface (http://shakemap.rm.ingv.it/). 
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Figure 8. Intensity maps for the MW 6.0 Amatrice earthquake based on cumulative absolute velocity (a,c,e) and Arias intensity (b,d,f). The maps were obtained by three different relationships: Cabanas et al. [27] (a,b), Koliopulos et al. [28] (c,d), and Tselentis and Danciu (2008) [29] (e,f). 
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Figure 9. Intensity maps for the MW 6.5 Norcia earthquake based on cumulative absolute velocity (a,c,e) and Arias intensity (b,d,f). The maps were obtained by three different models: Cabanas et al. [27] (a,b), Koliopulos et al. [28] (c,d), and Tselentis and Danciu (2008) [29] (e,f). 
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Figure 10. Intensity maps obtained through the model proposed by Tselentis and Danciu [29], which depend on the cumulative absolute velocity (a,c) or Arias intensity (b,d) and the epicentral distance: MW 6.0 Amatrice (a,b) and MW 6.5 Norcia earthquakes (c,d). 
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Figure 11. Comparison among intensity maps obtained according to the models proposed by Tselentis and Danciu [29] (a,b,d,e) and official ShakeMaps (c,f) according to Faenza and Michelini (2010), available online (http://shakemap.rm.ingv.it/shake/). The proposed maps obtained through T&D08 (a,d) and T&D08-2 (b,e) are the mean of those based on cumulative absolute velocity and Arias intensity for the MW 6.0 Amatrice (upper layer) and MW 6.5 Norcia earthquakes (lower layer). 
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Figure 12. Comparison among predictions and observations: intensities obtained by macroseismic surveys (a,d) (http://www.questingv.it/); percentage errors between the observed intensities and those predicted according to the both models proposed by Tselentis and Danciu [29], T&D08 (b,e) and T&D08-2 (c,f). Negative values indicate predictions greater than observed intensities, and vice versa. The predicted intensities are obtained as the mean of those based on cumulative absolute velocity and Arias intensity. Intensities and comparisons obtained for the MW 6.0 Amatrice (upper layer) and MW 6.5 Norcia earthquakes (lower layer) are reported. 
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Table 1. Indexes to assess accuracy of geostatistical prediction models for MW 6.0 Amatrice earthquake.
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Geostatistical Method and Model

	
CAV10

	
AI




	
NMAE

	
RMSE

	
R2

	
NMAE

	
RMSE

	
R2






	
Kriging–Circular

	
0.224

	
2.655

	
0.939

	
0.259

	
0.542

	
0.933




	
Kriging–Spherical

	
0.225

	
2.666

	
0.938

	
0.252

	
0.532

	
0.933




	
Kriging–Exponential

	
0.187

	
2.265

	
0.956

	
0.221

	
0.506

	
0.934




	
Kriging–Gaussian

	
0.322

	
3.777

	
0.871

	
0.370

	
0.655

	
0.924




	
Kriging - Rational quadratic

	
0.271

	
3.244

	
0.905

	
0.340

	
0.606

	
0.927




	
CoKriging–Circular

	
0.222

	
2.943

	
0.945

	
0.274

	
0.507

	
0.934




	
CoKriging–Spherical

	
0.210

	
2.844

	
0.949

	
0.224

	
0.497

	
0.935




	
CoKriging–Exponential

	
0.125

	
1.839

	
0.974

	
0.219

	
0.493

	
0.935




	
CoKriging–Gaussian

	
0.334

	
4.084

	
0.895

	
0.364

	
0.588

	
0.927




	
CoKriging–Rational quadratic

	
0.230

	
3.259

	
0.940

	
0.258

	
0.497

	
0.934








NMAE is the normalized mean absolute error, RMSE is the root mean squared error, and R2 is the correlation coefficient. For more details, see Equations (14)–(16).
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Table 2. Indexes to assess accuracy of geostatistical prediction models for MW 6.5 Norcia earthquake.
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Geostatistical Method and Model

	
CAV10

	
AI




	
NMAE

	
RMSE

	
R2

	
NMAE

	
RMSE

	
R2






	
Kriging–Circular

	
0.127

	
4.770

	
0.979

	
0.194

	
1.487

	
0.976




	
Kriging–Spherical

	
0.128

	
4.802

	
0.979

	
0.193

	
1.481

	
0.978




	
Kriging–Exponential

	
0.118

	
4.449

	
0.982

	
0.183

	
1.415

	
0.978




	
Kriging–Gaussian

	
0.279

	
10.092

	
0.904

	
0.429

	
3.489

	
0.863




	
Kriging - Rational quadratic

	
0.197

	
7.466

	
0.947

	
0.330

	
2.639

	
0.929




	
CoKriging–Circular

	
0.131

	
5.247

	
0.975

	
0.183

	
1.424

	
0.977




	
CoKriging–Spherical

	
0.129

	
5.167

	
0.975

	
0.183

	
1.416

	
0.978




	
CoKriging–Exponential

	
0.112

	
4.488

	
0.983

	
0.196

	
1.475

	
0.978




	
CoKriging–Gaussian

	
0.232

	
8.616

	
0.928

	
0.369

	
3.136

	
0.896




	
CoKriging–Rational quadratic

	
0.171

	
6.639

	
0.958

	
0.215

	
1.728

	
0.970








NMAE is the normalized mean absolute error, RMSE is the root mean squared error, and R2 is the correlation coefficient. For more details, see Equations (14)–(16).
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