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Abstract: Earthquake environmental effects may significantly contribute to the damage caused by
seismic events; similar to ground motion, the environmental effects are globally stronger in the
vicinity and decrease moving away from the epicenter or seismogenic source. To date, a single
intensity prediction equation (IPE) has been proposed in the Italian Apennines for intensity scale
dealings with environmental effects: the Environmental Seismic Intensity (ESI-07). Here, we evaluate
the sensitivity of the IPE with respect to input data and methodological choices and we propose IPEs
with global validity for crustal normal faults. We show the strong influence of input data on the
obtained attenuation investigating the 1980 Irpinia–Basilicata (Southern Italy) earthquake. We exploit
a dataset of 26 earthquakes to build an IPE considering the epicentral distance. We also propose an
IPE considering the distance from the fault rupture, which is derived from a dataset of 10 earthquakes.
The proposed equations are valid for normal faults up to 40 km from the epicenter/fault and may
flank other models predicting ground motion or damage to the built environment. Our work thus
contributes to the use of the ESI-07 scale for hazard purposes.

Keywords: intensity attenuation; ESI-07 scale; intensity prediction equations; earthquake;
normal fault

1. Introduction

Characterizing seismic hazards in regions where crustal faults can produce rare but
powerful earthquakes is critical due to the potentially destructive nature of these events.
To effectively characterize this hazard, it is essential to assess the intensity of earthquakes
across different affected areas through intensity prediction equations (IPEs). For a consistent
comparison between different geographic regions, here, we use an intensity scale based on
the environmental effects caused by earthquakes, as this is not influenced by factors such
as construction density, construction quality, or population perception.

Indeed, earthquakes generate significant effects on both anthropogenic and natural
environments, which are the realm of intensity scales [1–3]. Slips along the seismogenic
fault plane and ground shaking due to the propagation of the seismic wave are the main
factors responsible for such effects. In such a context, attenuation models are fundamental
to understand the attenuation mechanisms and, therefore, calculate the earthquake impact
zones. These models are essential for any seismic hazard characterization and basically
parametrize the decrease in intensity/ground motion with distance from the epicenter or
seismogenic source [4]. Since the 1970s, thousands of ground motion prediction equations
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have been published (e.g., [5,6]), predicting the expected level of Peak Ground Acceleration
(PGA), Peak Ground Velocity (PGV), or Spectral Acceleration (SA). Regarding intensity,
several tens of intensity prediction equations (IPEs) are available for different territorial
settings [4,7–9], mostly based on the Mercalli–Cancani–Sieberg (MCS) intensity scale in Italy
and on the Modified Mercalli (MM) scale worldwide. Ferrario et al. (2020) [10] introduced
the first IPE based on the Environmental Seismic Intensity scale (ESI-07), a macroseismic
scale where the Earthquakes Environmental Effects (EEEs) are the only descriptors [11–13].

In the last decades, several earthquakes have shown that EEEs are a relevant source
of hazard, which may be even more prominent than ground shaking. Examples include
the 2008 Mw 7.9 Wenchuan, China, the 2010 Mw 7.1 South Island, New Zealand, the 2011
Mw 9.0 Tohoku, Japan, and the 2023 Mw 7.8 and Mw 7.5 Turkey–Syria earthquakes [14–16].
Concurrently, in the last years, several initiatives were undertaken to develop high-resolution
datasets of EEEs or in the systematic collection of such data (e.g., [17–20]). Furthermore, as
demonstrated in specific studies, EEEs are considered good descriptors for the re-evaluation
of historical earthquakes and, because of their homogeneous nature, can also be used for
comparison between such earthquakes and modern ones (e.g., [21–23]).

The ESI-07 scale provides good objectivity in the assessment of macroseismic intensi-
ties, especially in the epicentral area, compared to traditional intensity scales influenced
by human factors such as local economy, culture, and the enforcement of building seis-
mic codes. Moreover, the ESI-07 scale does not saturate at high intensity levels and is
independent of the location and distribution of settlements and the construction quality
of buildings. Therefore, it enables the comparison of earthquake effects across different
regions and time periods, which is crucial for hazard evaluation [24–26]. However, to date,
only one IPE based on the ESI-07 scale has been proposed, and it is specific to a localized
territorial setting (i.e., Ferrario et al., 2020, [10] in the Italian Apennines).

Here, we analyze and discuss the application of the ESI-07 scale for seismic hazard
purposes. The aims of this article are three-fold:

1. Investigating the role of the resolution and uncertainty of the input data (e.g., number
and accuracy of the EEE sites) and of methodological choices in the derivation of the
ESI-07 IPE. This research addresses whether and how the quality and quantity of
input data affect the final results. To this end, we analyzed a case study of the 1980
Irpinia–Basilicata, Southern Italy earthquake.

2. Evaluate the exportability of the IPE calculated in the Italian Apennines to other
settings characterized by normal faulting. The objective is to determine whether this
equation can be extended to achieve the first ESI-07-based IPE with global validity.

3. Proposing an ESI-07 IPE based on the distance from rupture rather than from the epicenter.
Given that the strongest earthquakes can cause fault ruptures over tens of kilometers and
that many IPEs are based on epicenter distance, this may lead to approximation errors in
terms of distance. Therefore, we consider using the distance to rupture, aiming to calculate
the first IPE based on the ESI-07 scale with this type of distance.

2. Intensity Attenuation: State of the Art and Definitions

Several IPEs are available in the literature, whose field of applicability depends on
the dataset on which they are built. IPEs provide an estimation of expected intensity
as a function of distance; available formulations differ in terms of the distance metric
(e.g., distance from epicenter, hypocenter, rupture plane), adopted functional form, and
methodological choices (e.g., input data, data censoring, statistical estimator).

Bakun and Wentworth (1997) [27] developed an IPE from a training set of 22 California
earthquakes; their equation is computed as a function of distance from the macroseismic
epicenter (MM scale) and adopted a linear functional form. Gasperini et al. (1999; 2010) [28,29]
estimated the axial orientation, location of the seismogenic source, and earthquake size
from macroseismic data in Italy. The epicenter location was calculated using the concept of
macroseismic intensity attenuation as a function of distance. Bakun and Scotti (2006) [30]
computed regional intensity attenuation models for 33 earthquakes in France, providing
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region-specific coefficients. Ferrario et al. (2020) [10] calculated an IPE by analyzing 14 normal
faulting earthquakes that occurred in Central and Southern Apennines (Italy) between 1688
and 2016; their equation adopts the epicentral distance and log-linear functional form.

The methodological aspects related to the derivation of IPEs are sketched in Figure 1.
The map of the rupture area (Figure 1a) shows the epicenter (red star) and intensity data
points (IDPs), which are all the points where EEEs have been observed and an ESI-07 value
has been assigned. In this example, the earthquake generated a surface rupture along the
principal and distributed faults (red segments) and other effects in the nearby region. Two
ESI-07 hypothetical isoseismals, corresponding to intensities X (dotted blue line) and IX
(dotted purple line), have been represented. The dotted black line is the trace of the main
fault, intended as the rupture linework of the primary fault or tectonic/seismogenic feature
responsible for the earthquake [19].
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Figure 1. Sketch of the input parameters for IPE calculations: (a) map showing the surface faulting 
(red lines), epicenter (star), intensity data points (IDPs, black points), and isoseismal lines; (b) 
definition of horizontal distance from the rupture (DRupX); (c) illustration of the epicentral distance 
(DEpi) and distance from surface faulting (DRupX), calculated with the IDP method; and (d) grid 
method (the values shown in the figures are only an example and do not refer to any specific case). 
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Figure 1. Sketch of the input parameters for IPE calculations: (a) map showing the surface faulting (red
lines), epicenter (star), intensity data points (IDPs, black points), and isoseismal lines; (b) definition
of horizontal distance from the rupture (DRupX); (c) illustration of the epicentral distance (DEpi) and
distance from surface faulting (DRupX), calculated with the IDP method; and (d) grid method (the
values shown in the figures are only an example and do not refer to any specific case).

The different ways to compute the source-to-site distance for a normal fault are
represented in Figure 1b: DEpi represents the distance from the epicenter (adopted, for
instance, by Bakun and Wentworth, 1997; Ferrario et al., 2020 [10,27]); DHypo is the distance
from the hypocenter (i.e., Gasperini, 2001; Albarello and D’Amico, 2004 [31,32]); DRup is the
distance from the fault rupture [33,34]; and finally, DRupX is the closest horizontal distance
between each IDP and the main fault rupture.

IPEs can be derived using point-based (Figure 1c; e.g., Bakun and Wenthworth, 1997,
Ferrario et al., 2020 [10,27]) and grid-based approaches (Figure 1d; e.g., Chunga et al.,
2018 [35]). The former requires the availability of point data, while the latter requires the
availability of isoseismals. In the IDP-based analysis, each point (A and B in the example)
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is labeled with the intensity and distance values; then, data are analyzed statistically. In the
grid-based analysis, firstly, a grid of cells of a given dimension (1 km2 in the example) is
created and the cell center is extracted. The corresponding ESI-07 value is assigned to each
cell according to the isoseismal value; distance values are assigned too. In this manner, the
territory is systematically sampled, reducing the bias of inhomogeneous IDP locations. On
the contrary, the grid-based approach relies on isoseismals, whose delineation may be more
subjective than in single IDP intensity assessments.

In the following, we explore the impact of different methodological choices (i.e., IDP-
based vs. grid-based approaches) on the computation of the intensity–distance attenuation.

3. Data and Methods
3.1. Aim 1: Role of Input Data and Methodological Choices

Figure 2 presents the methodological workflow, referring to the three aims of the work
outlined above. To analyze the role of the quality and quantity of the input data, we selected a
case study of the 1980 Mw 6.8 Irpinia–Basilicata, Southern Italy earthquake [36]. This earthquake
was already included in the analyses conducted by Ferrario et al. (2020) [10], but here we
enlarged the number of available data points from 66 [37] to 563, thanks to a careful review of
the published data, analysis of technical reports and administrative documents, and interviews
of eyewitnesses, supplemented with field surveys at selected sites [38]. Additionally, we derived
original ESI-07 isoseismals, which were not available to date.
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We evaluated the influence of several methodological choices in the derivation of an
intensity prediction equation. We considered three different input datasets: “previous”
IDPs (from Serva et al., 2007 [37]), “new” IDPs, and ESI-07 isoseismals, analyzed on a
1-kilometer grid (from Pizza et al., 2023 [38]). Starting from the analysis of all IDPs, we
calculated the median distance for each intensity class and investigated the results in terms
of the intensity–distance attenuation.
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3.2. Aim 2: Normal Faulting IPE with Global Validity (Epicentral Distance)

We addressed the second issue, the exportability of the Italian Apennine IPE to other
settings by collecting a dataset of normal faulting earthquakes with available IDPs (Table 1).
We applied the same method of Ferrario et al. (2020) [10] to derive an updated IPE valid
on a global scale: the attenuation was computed from the IDPs, employing the “intensity
binning” methodology introduced by Bakun and Wentworth (1997) [27] and considering
the median epicentral distance of each intensity class.

Table 1. Summary of the events investigated in this study; in bold we highlight the case histories
used for the analysis of the intensity attenuation with distance from the fault; the N◦ n. IDPs refer to
those resulting after data decimation.

Event Country Date Lat. Long. Magnitude ESI-07 I0 N◦ IDPs Ref. ESI-07 Data

Sannio Italy 5 June 1688 41.28 14.56 7.1 X 11 [37]

Avola Italy 11 January 1693 37.12 14.93 7.4 X 4 [39]

Irpinia–Basilicata Italy 8 September 1694 40.86 15.41 6.7 X 6 [37]

Norcia Italy 14 January 1703 42.71 13.07 6.8 X 4 [39]

L’Aquila Italy 2 February 1703 42.43 13.29 6.6 X 7 [39]

Puglia Italy 20 February 1743 39.85 18.77 7.1 XI 2 [40]

Estubeny Spain 23 March 1748 39.03 −0.63 6.2 IX 32 [41]

Calabria Italy 5 February 1783 38.30 15.97 7.1 XI 34 [42]

Molise Italy 26 July 1805 41.50 14.47 6.7 X 38 [37]

Basilicata Italy 16 December 1857 40.35 15.84 7.1 X 41 [39]

Atalanti Greece 27 April 1894 38.63 23.10 6.8 X 19 [43]

Messina Italy 28 December 1908 38.15 15.69 7.1 XI 59 [44]

Acambay Mexico 19 November 1912 19.98 −99.83 6.9 X 54 [45]

Fucino Italy 13 January 1915 42.01 13.53 7.1 X 9 [39]

Irpinia Italy 23 July 1930 41.07 15.32 6.7 X 29 [37]

Sofades Greece 30 April 1954 39.28 22.29 6.8 IX-X 6 [46]

Albolote Spain 19 April 1956 37.15 −3.39 5.4 VIII 8 [47]

Thessaloniki Greece 20 June 1978 40.70 23.30 6.5 IX 22 [43]

Irpinia Italy 23 November 1980 40.84 15.28 6.9 X 534 [38]

Kalamata Greece 13 September 1986 37.11 22.14 6.1 IX 51 [48]

Pyrgos Greece 26 March 1993 37.68 21.46 5.7 VII-VIII 7 [26]

Kozani Greece 13 May 1995 40.16 21.68 6.5 IX 19 [43]

Colfiorito Italy 26 September 1997 43.01 12.85 6.0 IX 23 [39]

L’Aquila Italy 6 April 2009 42.31 13.51 6.3 IX 27 [39]

Amatrice Italy 24 August 2016 42.70 13.23 6.2 IX 14 [10]

Samos Greece 30 October 2020 37.76 26.81 7.0 IX 46 [49]

Prior to computing the attenuation relations, data were decimated to avoid the in-
completeness bias in the far field. We adopted the method described by Gasperini (2001;
Equation (1)) [31] and already used in Ferrario et al. (2020) [10], building a preliminary
attenuation to estimate the distance at which the intensity falls below a given threshold,
which here, was set to ESI-07 ≥ V.

Using all the IDPs contained in the dataset, we calculated the median distance for each
intensity class. The median distance for the threshold value of ESI-07 = V was determined
to be 65 km. Accordingly, we excluded all data points with distances exceeding this value.
Data points corresponding to half-degrees were also removed.

Considering that the analyzed earthquakes have different epicentral intensities (I0),
we used ∆I [31] to calculate an IPE for the entire dataset:

∆I = I0 − Ii (1)
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where I0 is the epicentral intensity and Ii is the local intensity assigned to the “ith” site.
According to Ferrario et al. (2020; Equation (2)) [10], we adopted a log-linear functional

form, defined as follows:
∆I = a + b × log10(R) + c × R (2)

where R is the epicentral distance (in km), and a, b, and c are fitting coefficients.

3.3. Aim 3: Normal Faulting IPE (Distance from Fault)

Finally, we developed an IPE based on the horizontal distance from the surface rupture
on a subset of earthquakes, i.e., those with reliable information on the primary surface
faulting location (highlighted in bold in Table 1). The methodology was similar to the
one adopted for “Aim 2”, however in this case, attenuation was defined by the minimum
horizontal distance (DRupX) between each IDP and the main fault rupture (Figure 1). The
IDPs used for this analysis are those retained after the data decimation process. For small
to moderate earthquakes, the point-source approximation is often considered; however, for
large earthquakes, this assumption is no longer valid and the distance from the fault plane
is preferable. This requires a good knowledge of the fault architecture at depth (e.g., dip
angle, non-planar surfaces), which in our dataset was lacking, especially for older events.
Since surface faulting is an environmental effect of paramount importance, it is usually
recorded in ESI-07 studies, thus we chose the DRupX as the distance descriptor.

4. Results
4.1. Update of the 1980 Irpinia–Basilicata Dataset

To reach the first aim of this work, we created a new dataset [38], where we updated
the number of IDPs for the 1980 Irpinia–Basilicata earthquake, moving from 66 [37] to
563 IDPs. Figure 3 shows the spatial distribution of the IDPs, color-coded according to the
type of effect, and the ESI-07 isoseismals. Most of the effects are located in the epicentral
area: 56.9% are within 20 km of the macroseismic epicenter (40.842 N, 15.283 E; [36])
and 84.4% are within 40 km; however, some effects were located nearly 200 km from the
epicenter. The area with severe effects (I = X ESI-07) covers about 200 km2; if we consider
the area included in isoseismal VIII ESI-07, it covers about 2000 km2.
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We explored the intensity attenuation using different data inputs, namely, (i) the dataset
introduced by Serva et al. (2007) [37], (ii) the “new” database [38], and (iii) the ESI-07
isoseismals originally drawn in the current research. The first two datasets were analyzed
using the IDP method, while the third dataset was analyzed using the grid method.

As shown in Table 2, the dataset realized by Serva et al. (2007) [37] includes 66 IDPs, the
“new” dataset contains 563 IDPs, and the grid-based dataset derived from the isoseismals
includes 12,634 data points.

Figure 4a shows the new IDPs (orange dots) and the median epicentral distance
calculated for each intensity class. The new dataset shows a considerable increase in the
number of IDPs over the entire intensity range (Table 2), with particular reference to the
points documented within 40 km from the epicenter. In Figure 4b, we provide the median
distances for each ESI-07 degree obtained from the three Irpinia–Basilicata datasets (open
symbols);, the black line is the reference IPE for the Apennines derived after Ferrario et al.
(2020) [10] considering an epicentral intensity of ESI-07 X.
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Figure 4b shows that the quality of the input data significantly affects the final output.
We recall that the purpose here is to explore the methodological issues and not to derive an
IPE specific for the 1980 Irpinia–Basilicata earthquake. When examining the database cre-
ated by Serva et al. (2007) [37], the median values for each intensity level were higher than
those calculated using the new dataset and through isoseismal maps. These differences can
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be attributed to the total number of intensity data points (IDPs) analyzed and their spatial
distribution. The new database [38] has lower values compared to the previous [37] and
the isoseismal-derived databases. Specifically, the new database has a higher percentage of
points in the near field (within 15 km), 40% compared to 5% for “Isoseismal Irpinia”, and
none for Serva et al. (2007) [37].

Table 2. Number of observations and median epicentral distances for the 1980 Irpinia–Basilicata earthquake.

1980 Irpinia–Basilicata, Italy ESI-07 VI ESI-07 VII ESI-07 VIII ESI-07 IX ESI-07 X

Nr. Observations

IDP Serva et al., 2007 [37] 4 20 35 4 2

IDP Pizza et al., 2023 [38] 137 248 89 14 38

Isoseismals 6017 4581 1444 404 188

Median distance
(km)

IDP Serva et al., 2007 [37] 63 51 44 45 32

IDP Pizza et al., 2023 [38] 20 17 15 17 13

Isoseismals 63 40 23 15 15

Predicted (Ferrario et al., 2020 [10],
assuming I0 = X) 35 24 17 11 7

4.2. Deriving an ESI-07 IPE for Normal Faulting Earthquakes with Global Validity

To derive an IPE with global validity for normal faulting earthquakes, we built a
dataset (Table 1) of 26 global earthquakes that occurred between 1688 and 2020. The selected
earthquakes (magnitude range 5.4–7.4) occurred in Italy, Greece, Spain, and Mexico and
have an ESI-07 I0 within the range of IX to XI. The distribution of data, in relation to ESI-07
intensity, shows a Gaussian-type distribution, with about 70% of the data between ESI-07
VI and VIII (Figure 5a). Following the data decimation process, our dataset encompasses a
total of 1106 intensity data points (Figure 5b); 48% of the IDPs are located within 15 km
from the epicenter and 91% within 40 km.

In Figure 6a, we introduce the intensity prediction equation developed using the
new global dataset, expressed in terms of ∆I versus epicentral distance; the curve and
95% confidence bounds are shown; numerical coefficients are presented in Table 3. The
attenuation is steeper in the range between about 10 and 25 km, then gradually decreases.

Table 3. Summary of the results obtained in terms of “epicentral distance” (DEpi) and “horizontal
distance from the fault” (DRupX). SSE: Sum of Squared Errors, RMSE: Root Mean Square Error.

Log-Linear Model: R = a + b × log10(R) + c × R, where R is the Distance (km):

Type of Distance (R) a (95% Conf. Bounds) b (95%) c (95%) SSE R2 Adj. R2 RMSE

DEpi −16.14 (−31.15, −1.128) 17.81 (1.406, 34.21) −0.183 (−0.4639, 0.09788) 0.9941 0.9432 0.9053 0.5756

DRupX 1.167 (−0.5689, 2.903) 0.8557 (−0.8146, 2.526) 0.06127 (−0.06005, 0.1826) 2.846 0.8374 0.7289 0.974

In Figure 6b, we draw the curves of the expected ESI-07, considering the I0 values of
XI, X, and IX; solid lines represent the results obtained in this study while dashed lines are
the same using the equation of Ferrario et al. (2020) [10]. This comparison provides insights
into the consistency and reliability of our proposed IPE equation. Figure 6b shows that the
slope of the IPE derived in this study using epicentral distance is more pronounced than the
one developed by Ferrario et al. (2020) [10], resulting in a faster attenuation. Nevertheless,
the two equations are fairly similar since the difference between the two is generally within
one degree of intensity (Figure 6c).

Given the distribution of the input data, we consider the proposed equation reliable
up to 40 km, and we do not recommend extrapolation beyond these limits.
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4.3. Attenuation with Distance from Fault Rupture

Measuring distances from the epicenter or hypocenter, as conducted for “Aim 2” of this
work, can be an oversimplification in the case of strong earthquakes, when the point-source
approximation is no longer valid. Figure 7 shows two examples of earthquakes included
in our dataset, namely the 1894 Atalanti, Greece and 1912 Acambay, Mexico events. The
surface rupture length along the main fault is 36 km for Acambay [50,51] and 32 km for
Atalanti [52]. IDPs are not distributed uniformly in space; in fact, especially for Atalanti,
most of them are located near the fault. Therefore, using the epicentral distance might
generate an error in the order of even tens of kilometers, while using a different distance
metric, such as from the fault, will reduce this error. Many studies use the distance from
the seismogenic plane at depth, or the Joyner–Boore distance; numerical equations to relate
the different distance measures have been proposed as well [33]. Due to the paucity of such
information for the earthquakes in our dataset, we rely on the horizontal distance from the
rupture (DRupX, see Figure 2b), which we consider better constrained in studies dealing
with the ESI-07 scale.
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Figure 6. (a) Representation of IDP median values obtained from intensity binning, and the proposed
ESI-07 IPE (with confidence bounds of 95%); (b) expected ESI-07 values considering various I0, where the
solid lines refer to the equation derived in this study and dashed lines are after Ferrario et al. (2020) [10];
(c) difference between IPEs (Ferrario et al., 2020 [10] minus the curve derived in this work).
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Velázquez-Bucio et al., 2024 [45]; surface rupture from Langridge et al., 2000 [50]); and (b) 1894
Atalanti earthquake, Greece (IDPs from Papanikolaou and Melaki, 2017 [43]; surface rupture from
Pantosti et al., 2001 [52]).

After the data decimation process, our analysis focused on 726 IDPs. Each earthquake’s
rupture was delineated end-to-end through the reference literature [46,50,52–59]. The new
IPE was computed by employing an approach consistent with that used in Aim 2 (i.e., IPE
relative to epicentral distance). This process ensures the comparability of our findings.
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Figure 8 presents the new IPE based on the horizontal distance from the rupture
(DRupX); numerical coefficients are provided in Table 3. The median value of ∆I = 0
is located within 1 km of the fault, while considering a ∆I between 1 and 4, a marked
attenuation trend can be observed in the interval between about 10 and 15 km. The trend
then smooths out, similar to what is observed for the epicentral distance. In fact, the median
value of ∆I = 5 is located at almost 43 km.
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5. Discussion

In order to calculate the new intensity prediction equation (IPE), it is crucial to analyze
the role of input data. The data quality and quantity significantly influence the final result,
emphasizing the relevance of the data collection phase. For instance, the new database
on the environmental effects of the 1980 Irpinia–Basilicata earthquake [38] exemplifies
the importance of enhancing the quantity and quality of available data. This database
allows for a detailed examination of the spatial distribution of intensity levels across the
affected region, providing valuable, spatially continuous, and homogeneous insights into
the impact of the earthquake. As illustrated in Figure 4b, the final output, in terms of
attenuation, based on this new database, markedly differs from previous data inputs [37].
Several factors contribute to this difference. Notably, datasets with fewer points tend to
highlight “maximum” effects over “typical” effects. While this approach is beneficial for a
conservative analysis, it obscures details on “average” versus “giant” values [60]. Given
that IPEs and GMPEs (Ground Motion Prediction Equations) are foundational for hazard
maps and scenario definitions, it is essential to determine whether input parameters are
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based on average or maximum values. For lower degrees of intensity, such as I = V or
VI ESI-07, data incompleteness bias at large distances is often cited. However, this bias
can also occur at short distances; for instance, focusing solely on the strongest effects
in the epicenter area neglects lower intensity effects at short distances. Consequently, if
data quality or quantity are compromised in the far field, the median distance decreases,
whereas if this occurs in the near field, the median distance increases. This observation
explains the findings related to “Aim 1” of this work (Figure 4b). Observing the blue points
that represent the median intensity values, the new 1980 Irpinia–Basilicata dataset exhibits
steeper attenuation due to the abundance of ESI-07 V-VI points at short distances. This
scenario underscores the importance of evaluating the minimum intensity threshold to
consider the data as reliable. The choice on the minimum ESI-07 threshold impacts the
number of ∆I classes available for regression purposes; in this study, we set this threshold
to ESI-07 ≥ V, which we consider as the best compromise between data quality/availability
and statistical rigor.

In order to obtain large datasets and compare events in various seismotectonic and
climatic settings, it is important to build standardized datasets. Several efforts have been
recently realized for surface ruptures and earthquake-induced landslides [20,61]. However,
currently, these data (i) refer to a single environmental effect at a time and (ii) have no
ESI-07 information. A future prospect could be to create an integrated dataset on all the
environmental effects induced by an earthquake, similar to what is implemented in the
Earthquake Environmental Effects Catalogue [39].

Moreover, Figure 4b shows that methodological choices can also influence the final
result. The data obtained from the new 1980 Irpinia–Basilicata database revealed a marked
difference between the values derived from the IDP-based method and those calculated
using the grid-based method. This discrepancy can be attributed to the fact that the IDP-
based method has fewer values at large distances and that delineating isoseismals using
the grid-based method may involve a more subjective component compared to evaluating
the intensity of individual IDPs.

Consequently, this work demonstrates that the quality of the input data has a more
significant impact on the final output than the statistical and methodological choices used
for fitting the data.

Additionally, it is important to consider that most of the intensity prediction equations
(IPEs) currently available were developed several years ago. This implies the need for
systematic updates of these equations over time. For example, in the Italian geological
context, these equations generally predate the significant seismic events of 2009 in L’Aquila
and 2016 in Central Italy [31,32,62–65]. These equations usually refer to the MCS scale and
adopt hypocentral or epicentral distances.

An update was proposed by Gomez-Capera et al. (2024) [66], who developed attenua-
tion models specific to Italy. These models are calibrated in terms of magnitude (Mw) and
are based on an empirical relationship between macroseismic intensity and energy. This
study, based on post-1900 Italian earthquakes, uses the hypocentral distance as a descriptor.

Since its inception, the ESI-07 scale has been immediately considered for the analy-
ses of macroseismic attenuation models due to its ease of use and its ability to provide
homogeneous data across both historical and recent earthquakes, allowing for compara-
tive analyses [26,43]. However, to date, only one IPE based on the ESI-07 scale has been
proposed, calculated specifically for the Apennines region of Italy [10].

Indeed, this work aims, on the one hand, to update the existing IPEs and, on the other
hand, to further explore the use of the ESI-07 scale for hazard purposes. Analyzing the
DEpi-based IPE, Figure 6b,c shows that comparing the attenuation relationship we obtained
with that calculated by Ferrario et al. (2020) [10], the attenuation trend is similar, but the
curve calculated in this study has a steeper slope.

These results, and consequently the differences with the attenuation calculated by
Ferrario et al. (2020) [10], can be explained by the epistemic uncertainty, the input data,
and the nature of intensity scales themselves. Certainly, it is possible to refer to the quality



Appl. Sci. 2024, 14, 8048 14 of 18

of the input data but also to a component of uncertainty related to macroseismic scales.
Indeed, these observations can be influenced by various factors and uncertainties, such
as cumulative effects and the overlap of effects across different degrees, leading to a
certain level of disparity between the theoretical expectations and observed realities due to
assumptions and subjective evaluations of the researchers [67].

Another possible explanation relates to the data’s spatial distribution. The majority of
IDPs are located in the epicenter area or, at most, within a few tens of kilometers from it
(74% within 25 km). This is because larger effects are more easily catalogued than smaller
ones, and the ESI-07 scale is not entirely accurate in describing effects located in the far
field [26,60]. Additionally, the level of urbanization in the earthquake-affected area is
significant; although the ESI-07 scale is unrelated to the anthropogenic environment, the
lack of a population in certain areas, especially in the far field, can result in not observing
any effects, particularly those of lower intensity. In this research, we analyzed countries with
different population densities, with the consequence that this parameter may have partly
affected the final number of IDPs available for each earthquake. Indeed, i.e., Italy, analyzed
by Ferrario et al. (2020) [10], nowadays has a significantly higher density, compared to
Spain, Greece, and Mexico.

Additionally, the local geology can contribute to these differences, actively influencing
the spatial distribution of the seismo-induced effects. The geological, geomechanical,
and morphological characteristics of a site can attenuate or amplify earthquake effects.
Consequently, there may be minimal effects or intensities lower than expected in areas near
the epicenter, while significant effects may occur in the far field.

DRupX was developed to introduce an easily identifiable and replicable distance from
the fault, applicable to both historical and recent earthquakes. To ensure the effectiveness
of the IPEs, it is necessary to maintain consistency between historical data and recent
earthquake data.

We further assess the influence of the statistical data treatment, specifically targeting
lower intensity values, by exploring different data censoring, both for DEpi and DRupX.
Indeed, we test a fit considering values up to ∆I = 5, or up to ∆I = 4. As shown in Figure 9,
considering or neglecting the data point at ∆I = 5 has a tremendous influence on the at-
tenuation, for both DRupX and DEpi. When neglecting the points at ∆I = 5, the attenuation
is significantly steeper; using the log-linear fit, the difference becomes particularly pro-
nounced after 25 km for DEpi and after 10 km for DRupX. Figure 9 thus shows that the user
choice of data censoring has a much more relevant effect than the choice of using distance
from the epicenter or from the rupture. Our preferred curve is the one retaining the ∆I = 5
data points (Table 3), since we consider them reliable enough for the case histories analyzed
in this research; however, we encourage the user to carefully evaluate the feasibility of this
choice for their specific case, or eventually handle uncertainty considering different model
parametrizations.

The faster attenuation observed in the DRupX-based IPE can be explained by the fact
that stronger effects are generally the primary ones. Surface faulting, the most impactful
of primary environmental effects, is certainly located on the primary fault, and eventually
on other nearby structures. Indeed, the median for ∆I = 0 is almost directly on the fault
(0.03 km). Additionally, it is important to consider that for strong earthquakes, the surface
rupture length may be of several tens of kilometers [68]. Therefore, considering that the
epicenter is a single point, some IDPs may be located tens of kilometers away from it, while
still being close to the seismogenic source. On the other hand, DRupX serves as a better
descriptor of the relationship between the localization of the EEEs and the seismogenic
source itself.
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6. Conclusions

In this study, we calculated two new IPEs based on the ESI-07 scale, specifically for
onshore normal fault earthquakes in the 5.4–7.4 Mw range. First, we calculated the DEpi-
based IPE using a dataset of 26 global earthquakes and employing the epicentral distance.
Subsequently, we calculated the DRupX-based IPE using a subset of 10 earthquakes, which
generated surface rupture, from the same dataset. In both cases, we employed the IDP-
based analysis methodology. Additionally, we analyzed the influence of the input data on
the final results, with particular reference to the 1980 Irpinia–Basilicata earthquake.

The use of macroseismic intensity as a parameter for seismic hazard is widely accepted
internationally, with many countries evaluating hazards exclusively in terms of inten-
sity [69]. Seismic hazard maps are generally correlated with the predicted intensity at a site
and its attenuation with distance. The ESI-07 scale has already been identified as a useful
tool for hazard assessment (e.g., [70]), thus we consider it appropriate to implement IPEs
based on this scale. The chosen methodology is easily replicable, and alongside the widely
used DEpi, we include DRupX, a distance that can be easily calculated for both historical
and recent earthquakes provided that they generate surface faulting. It is important to
remark that the ESI-07 scale has good assets to calculate the attenuation or to complete the
results calculated with other macroseismic scales. Therefore, this research aims to provide
an additional contribution to the calculation of new IPEs, with the goal of improving our
knowledge of seismic hazards in specific contexts.

Among the limitations of this approach is the applicability of the new IPEs, which is
limited to a few tens of kilometers from the epicenter/fault. This limitation is due to the
fact that the ESI-07 scale offers a certain reliability in the process of assessing macroseismic
intensities in the epicentral area, while it tends not to accurately describe such values in the
far field [26]. Indeed, we consider the proposed equations reliable up to 40 km and do not
recommend extrapolation beyond these limits. Additionally, the proposed IPEs are valid
for normal faults only, given the wider availability of ESI-07 data for such settings.

We believe that the development of ESI-07-based IPEs can be further refined and
improved. Among future prospects, we consider the development of new IPEs based on 3D
DRup, i.e., the distance perpendicular to the fault plane, the analysis of anisotropy along and
across the strike of the fault rupture, and the derivation of IPEs for other fault kinematics.
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