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Response to Reviewers

Response to Reviewer #2:

1. The answer to my first two concerns is not fully satisfactory since the main point is missed. I try
here a new formulation of this point. The amplification coefficients reported in the seismic code is
the result of numerical simulations relative to a limited set of morphological profiles. When one
considers other configurations (e.g., the 'unclassified' ones in Pessina and Fiorini, 2014)
applicability of the same coefficients is not warranted. Thus, the reduction of ‘unclassified’ sites is
not necessarily a positive evidence encouraging the application of the new approach: actually, it
may represent an unproper application of the procedure outside its actual domain. Other terms, the
question is: at what extent the amplification coefficients can be actually applied to the
configurations you have identified and were missed by Pessina and Fiorini? This is the point,
which, in my view, should be addressed. Of course, | not asking for a revision of the procedure
the Authors propose, but only a clear statement (to be reported in the '‘Conclusion’ section also),
about this key aspect.

Pessina and Fiorini missed some configurations, since they did not use at the same time the concept
of slope and ridge. In their tables 3 and 4, they make use of qualitative terms, like “close” and the
classification of the site is driven by a rather subjective approach. This is why some of the
configurations are missed. In our case, we make use of a quantitative approach, so that we can
specify, for each pixel, the difference in height, the slope, the presence of a ridge, through the use of
filter operators with specific dimensions that allow us to evaluate both ridge and slope,
contemporarily. An example for the limit of the Pessina and Fiorini procedure is visible in their table
3, in case of the combination of RO-S3 codes (where sites are Not directly classified). The authors
State that “stations are generally classified as T2, it is impossible to detect if they are at the base of
slope, in the middle of slope, near terraces or in narrow valley”.

2. I am not sure that when hazard (S1, S2, etc.) is evaluated at the same sites where maximum
intensity were assessed, no "significant differences™” are observed. A comparison between Figs. 2a
and 2b in the answer puts in evidence important differences in the distribution of sites in the
morphological classes T4 (and T2) relative to S3 and S4 hazard classes. When Figure 2b is compared
with figure 7c, the respective patterns appear quite similar. Thus, the statistical significance of
eventual differences (possibly induced by topographical amplification effects) should be assessed in
some quantitative way. This is an important aspect to convince skeptical colleagues (including
myself) that topographical features (at least the ones identified by the Authors) generally play a
significant role in seismic hazard.

To address this point, we have reformulated the paragraph ‘Statistics on the topographic
classification map’. In particular, we have added a new figure (current Figure 7) with statistics on
the 15332 Italian localities in DBMI15, grouped on the base of maximum observed macroseismic
intensity at a site (Imax).

As described in the manuscript, in our opinion Figure 7 shows two aspects.

1. A relation between Imax and the seismic zones (S1-54).

“The localities with the lowest Imax (Figure 7a) are, of course, occurring in correspondence
of the lowest seismic hazard zones (S3 and S4, ag < 0.15) in Northern Italy, whereas the
highest intensities are observed in correspondence of seismic hazard zones S1 and S2 (ag >
0.15) in the Central-Southern Apennines (Figure 7d). “



2. A relation between Imax and the topographic classes (T1-T4).

“Based on the classification proposed in this study, about 40% of the localities with the Imax
>6 could be affected by topographic amplification (T2-T4 classes, Figure 7c-d), in contrast
to about 20% for Imax <6 (Figure 7a-b). Moreover, we observe a large occurrence of the
sites with potential topographic amplification (T2-T4 classes) in correspondence of localities
characterized by medium to high Imax (range 6 - 8), in seismic zone 2 (S2: 0.15 < ag <0.25),
as shown in Figure 7c¢”.

In conclusion: based on our classification, the sites with potential topographic effects are clustered
in zones with high seismic hazard (S1-S2 zones), where the higher macroseismic intensities are
observed (Imax > 6).

These results do not prove the existence of topographic amplification at those sites classified in T2-
T4, but the coherency between the topographic classification (T1-T4), the maximum observed
microseismic intensity (Imax) and the seismic hazard map, could be a hint of the occurrence of
topographic effects. The concern of the reviewer about the significant role of topographic effects in
seismic hazard will be further investigated in a future study that takes into account the residual
distributions computed from Intensity Prediction Equations (IPE).



Highlights

e Topographic classification of Italy according to the Italian seismic code
e Novel GIS procedure

e Around one third of the Italian territory has sites with possible topographic
amplification
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10 Abstract
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12 In this study we present a procedure for the topographic classification of Italy, taking advantage of existing
13 high-resolution digital elevation models (DEM), with the support of routines embedded in Geographic
14  Information Systems. The proposed method is based on morphometric analyses of a DEM, allowing for hilltop
15 ridge detection, slope computation, identification of reliefs with potential topographic site effects, and
16  topographic classification according to the indications of the current European and Italian seismic codes. The
17  developed procedure can be applied worldwide and has a potential engineering interest for a fast and accurate
18  topographic classification of a site, for both scientific and application purposes. The topographic classification
19  of Italy is tested on several well-known cases of topographic amplification and it is adopted for the topographic

20  classification of Italian accelerometric stations.
21  Keywords: DEM, Topographic classification, EC8, NTC18, GIS, Morphometric analyses

22  Supplementary data. The topographic classification of Italy is available in the electronic supplement.

23

24 1. Introduction
25

26  One of the possible causes of damage during earthquakes is the seismic waves amplification due to topographic
27  irregularities. The reasons for topographic amplification may be several: the resonance of the whole relief

28  when the incident seismic field has a predominant wavelength comparable to the horizontal width of the
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mountain [1]; the focusing of seismic waves near the crest because of the reflection on a free surface and/or
the interaction between incident and diffracted waves [2]. Moreover, topographic seismic amplification is
considered as one of the possible causes of triggers of earthquake induced phenomena, like landslides, which
represent one of the major causes of earthquake-related devastation (e.g. Refs. [3,4]). Several studies over the
last four decades have discussed the effects of surface topography on seismic ground motions from
instrumental investigations [5-12] and numerical models [13, 14, 4, 15, 16]. Relevant macroseismic case
histories are reported by several authors [17, 18, 4, 19, 20, 21]. The proper assessment of topographic
amplification is of key importance in the European context, where a broad range of exposure levels to
earthquake hazard is encompassed [18] and many small towns are located at the top of isolated steep cliffs.
Such unfavourable conditions often come together with high vulnerability of the buildings and the
susceptibility to slope sliding [4]. Therefore, the topographic amplification, even if generally do not exceed
the stratigraphic one (e.g. Refs. [4, 22, 23, 24]), plays a significant role in seismic design, microzonation studies

and hazard analyses.

The current Italian (NTC, 2018; hereinafter NTC18 [25]) and European (CEN, 2004; hereinafter EC8 [26])
seismic codes prescribe frequency-independent amplification factors not larger than 40%, based on the height
and the slope of simple 2D relief configurations. The approach, introduced in the EC8, was further adopted by
NTC (2008) [27] and the current NTC18, where four classes of topographic amplification are explicitly
defined, as listed in Table 1. These categories refer to bidimensional configurations, such as elongated crests

and ridges, and must be considered only when their height is greater than 30m.
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Table 1: Topographic amplification factors prescribed by Italian seismic code (NTC18).

Topographic o Amplification
Description
Class factor
Flat surface, isolated slopes and cliffs with average slope angle i <
Tl 1
15°
T2 Slopes with average slope angle i > 15° 1.2

Relief with ridge width much smaller than the base and average slope

T3 ) 1.2
angle 15°<i < 30°

T4 Relief with ridge width much smaller than the base and average slope 14
angle i>30° '

Following the classification of the Italian seismic code, Ref. [24] first implemented a procedure for the
topographic characterization of seismic recording stations archived in ITACA 2.0 database (ltalian
Accelerometric Archive, http://itaca20.mi.ingv.it/ItacaNet_20/; [28, 29]). The procedure is based on
morphometric analyses of high-resolution digital elevation models (DEMSs), with the support of Geographic
Information Systems (GIS). In the specific, the procedure computes the slope and ridge layers from DEM,
besides different statistical indicators (i.e., maximum, minimum, sum, and mean) within a circular buffer area
around each recording station. These statistical indicators are combined to provide both a slope and a ridge
index that are further matched to define the topographic classification of the seismic station. However, some
combinations of the indices do not permit a univocal topographic classification because their arrangement may
lead to different topographic classes (in that case the site is not classified). Moreover, the procedure
implemented for the ridge detection is not straightforward and implies several noise removal steps to enhance
significant features and remove small topographic irregularities. Since the procedure is applied to the
surroundings of each seismic station, it needs to be run each time a new seismic station is added to the database.
These downsides led to the development of a new GIS-based procedure for topographic classification of the
whole Italian territory. However, the NTC18 prescribes the applicability of the topographic coefficients in case
of “simple” configurations, but the criteria to discriminate between “simple” and “complex” are not specified

and, for this reason, the applicability of the coefficients could be debated.
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In this study, we propose a step-like procedure and provide some statistics of the resulting map, correlating it
to the probabilistic seismic hazard [30, 31], the macroseismic intensity data in DBMI15 [32], and the seismic

stations in the Italian Accelerometric Archive 3.1 (ITACA 3.1; http://itaca.mi.ingv.it/ItacaNet _31/#/home;

[33]). The topographic classification is tested at several sites, where topographic amplification has been
observed. Finally, based on the proposed classification, we evaluate the impact of the topographic
amplification factors (Table 1), on the probabilistic seismic hazard map calculated for Peak Ground

Acceleration (PGA), a return period of 475 years, and stiff soil i.e. soil class EC8-A [30].

2. Method

Digital elevation models (DEMs) are fundamental in environmental and morphological analyses. In this study,
the topographic classification is applied to the so called Tinltaly DEM [34], created for the whole Italian
territory as a triangular irregular network (TIN), and converted into grid format of 10m cell size, according to
a tiled structure composed of 193, 50-km side square elements. Ref. [34] carried out a comprehensive
assessment of the accuracy of the Tinltaly DEM, finding a root mean square error in elevation (RMSEz)
between 0.8 and 6.0 m. For our analysis, we select the Tinltaly DEM since, to date, it is the model with the
highest resolution, freely available for scientific purposes for the whole Italian territory.

The morphological analyses applied on the DEM are summarized in Figure 1 and described in detail in the
following subparagraphs. Starting from DEM (Figure 1, step 1), the slope angle is computed (step 2) along
with the Topographic Position Index (TPI; [35], step 3) and the elevation range (maximum minus minimum
elevation value in a moving window), applying a threshold height of 30 m (H30) and 60 m (H60), respectively
(step 4). Since the positive TPI values allow detecting the ridge zones, an empirical threshold of 5 m is adopted
to discriminate between ridges (ridge is assigned 1) and non-ridges (ridge is assigned 0). Considering the slope
and TPI values, a first discrimination of topographic classes can be performed (Figure 1). Whereas T1 and T2
sites are on slopes (ridge = 0), T3 and T4 sites should be on ridges (ridge = 1). Therefore, T1 and T2 categories
can be identified by the combination of ridge =0, and slope angle < 15° or > 15°, respectively (step 6); T3
and T4 classes can be identified by ridge = 1 (Figure 1, step 5), on reliefs with difference in height > 30 m. To

further discriminate between T3 and T4 classes, the H60 map is considered. When H60 = 1 (elevation range

4
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H is between 30 and 60 m) the site is in class T3 (step 6). In the following, the step-like procedure applied to
the Tinltaly DEM is described in detail, indicating the ESRI ArcGis (www.esri.com) tools adopted for the

morphological analyses.

Step 1:
DEM
Step 2: Step 3: Step 4: Step 4:
Slope TPI H30 H60
< SrV YSm H30=1
ridge=0 ridge=1
No ridge Presence of a ridge
Step 5:
Ridge map
Step 6: Top. class Step 6: Top. class
<15° >15° < 60m / \ >60m
H601= 0 H6i =1
Tl T2 T3 T4
Slope < 15° & Slope > 15° & Ridge with Ridge with
no ridge no ridge 30 <H<60m H 2 60m

Figure 1: Workflow for topographic classification.

Step 1: preliminary DEM processing

To improve the computation time and data handling, the 193 Tinltaly DEM tiles are resampled with a 40 m
resolution. Afterwards, the DEM tiles are merged to obtain a unique map for the Italian territory. Finally, to
remove minor irregularities, a smoothing is performed by applying a mean algorithm with a 3x3 moving
window (e.g. Focal Statistics tool in ESRI ArcGis), as shown in Figure 2a for a sample area in central

Apennines.
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Step 2: computation of topographic slope

To compute the slope angle, we use the Slope function implemented on ESRI ArcGis (Figure 2b). The slope
is computed in degree units in a 3 by 3 cell neighborhood (i.e., moving window) on the smoothed DEM,
considering the planar method with the average maximum technique [36]. The slope is measured as the
maximum rate of change in value from a cell to its immediate neighbors. The calculation is performed on a
projected flat plane using a 2D Cartesian coordinate system. The processed cell is judged reliable if the

computation is performed on at least seven cells in the 3 by 3 neighborhood.

Step 3: ridge extraction

For the ridge detection, we adopt the Topographic Position Index (TPI) algorithm proposed by Ref. [35]. This
algorithm is implemented in the Land Facet Analysis toolbox [37] in ESRI ArcGis. The TPI is defined as a
difference between the actual value of the elevation H at given location [x, y] and mean elevation of the

neighboring area A:

TPI(x,y) = HCx,y) = [, H(x,y)3S/ [, 95 Eq. (1)

The area A should be centered at the point [x, y]. Both the size and the shape of the neighboring area have to
be defined in advance, depending on the specific application. In general, there is no constraint on both values.
The TPIs reflect the differences between the elevation in a particular cell and the mean elevation of the
surrounding cells: positive values mean the cell is higher than its surroundings, while negative values mean it
is lower. Therefore, high positive values of TPI characterize ridgetops and hilltops, while negative values
define basins or valley bottoms. TPI values close to zero indicate flat or mid-slope areas. This kind of analysis
strictly depends on the scale used to count the surrounding cells. To set the interval for the TPI analysis, we
carry out some tests, considering different radii (i.e. 300 m, 500 m and 800 m). For the Italian case, a
neighborhood circle with a radius of 500 m is adopted, since it allows better discriminating the ridges out of
the main reliefs, while ignoring the minor deflections [38]. The ridge zones are obtained from the TPI map
(Raster Calculator tool) considering a threshold value equal to 5. The output is a binary raster that takes the
value 1 when TPI > 5 and 0 otherwise (Figure 2c). Since TPI units are in meters, a TPI value of 5 means that

6



143

144

145

146

147

148

149

150
151

152

153

this particular cell is 5 m higher than the average elevation of its neighborhood (i.e., a radius of 500 m). The
TPI threshold is selected empirically. A lower threshold (down to 1) does not significantly affect the final
results. The ridgelines are retrieved by applying a thinning function (Thin tool) that thins rasterized linear

features by reducing the number of cells representing the width of the features [39], as shown in Figure 2d.

c)

Figure 2: Extraction for an area of the Central Apennines of a) DEM, represented as hillshade; b) topographic

slope; c) ridge zones setting TPI > 5; and d) ridge lines after thinning.

Step 4: detection of the difference in height to extract topographic categories T3 and T4
In the EC8 and NTC18 seismic codes, reliefs higher than 30 m are considered to have potential topographic

site effects (i.e., T3 or T4 topographic classes in NTC18). To individuate these reliefs, we compute the
7
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elevation range, i.e., maximum minus minimum elevation value, in 5x5 cells moving windows (Figure 3a;

Focal Statistics tool). Considering that the DEM cell size is 40 m, the maximum and minimum semi-transverse

axis of a relief spanned by a 5x5 moving window is 113 m (e.g. 80- v2m), as exemplified by the dark grey
line in Figure 3, and 40 m (light grey line in Figure 3), respectively. Considering a threshold difference in
height of 30 m (condition for topographic amplification), we obtain the slope angle interval, which ranges
between 14° and 37° (Figure 3b,c), thus including both T3 and T4 classes. To discriminate class T4, we
consider the map representing the difference in height of 60 m that individuates the slope angles in the interval
27°-56° (Figure 3d,e), including T4 sites (i.e, ridges with height greater than 30 m and average slope angle i >
30°). In the following sections, the elevation range computed with a threshold height of 30 m is indicated as

H30; whereas the elevation range computed with a threshold height of 60 m is indicated as H60 (Figure 4).

a) b) c)
/ = £
= R

- . . - 37[ 140

40m 113m
- . % . d) e)
£ £
3 3

56 270[

5 x 5 cells moving window 40m 113m

L min

Figure 3: Trigonometry applied to H30 and H60 maps. a) 5x5 cells moving window with the smaller (light
grey line) and larger (dark grey line) semi-transverse axis spanned in the moving window. b)-c) maximum and
minimum slope angles, considering a difference in height of 30 m, d)-e) maximum and minimum slope angles

considering a difference in height of 60 m.
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Figure 4: Map of a) difference in height of 30 m (H30) and b) 60 m (H60) for the Italian territory.

Step 5: identification of T3 and T4 topographic categories

After the identification of the difference in height to extract T3 and T4 topographic categories, the ridge lines
of the corresponding reliefs can be obtained by overlapping the ridge line map (evaluated in step 3) and the
H30 map (evaluated in step 4) (Raster calculator tool, imposing H30 =1 & ridge lines =1), as shown in Figure
5a. To identify the sparse groups of points (< 5 cells), the Region Group tool is combined with the Set Null
operator. The Region Group counts the number of grouped cells within an 8-cells neighborhood (excluding 0
values), and the Set Null sets to null the cell values for counts less than 5. The sparse groups of points are
finally removed with the Nibble operator that allows filtering of the ridge line raster. Finally, the extracted
ridges are dilated (3 cells per side), using the ArcScan extension (Figure 5b). Being the raster cell size 40 m,
the ridge lines are dilated by 120 m per side to approximate the semi-transverse axis of a relief with a minimum
30 m of difference in height and a consequent minimum slope angle of 15°, which are the thresholds for
topographic amplification according to NTC18 and EC8 seismic codes (see Figure 3c as an example). In this

sense, the 120 m per side is conservative because it may include the whole relief down to the base.



SRR 3TN ;, 7 T (/1 7
Kﬁ\-‘%{:x j:rcf“‘//ﬂfﬁ A 2% H z
Bl AT e X
N _'HJ\ WX J:/ b(f ¢ ;)] o P e
’T\ ?—’nizh—/ "y\/ "&\ /1 j)
\Jf\’;\a_’_‘)"\f \\ ‘/7\//\// -
Te ol el e
3 ) = ML\'_ &
Blf\ff\?ﬂgrry’d 8\ }E(r“lf\ L
\1)\’ g‘,c & |\' /: v}_}y‘ =
2 \ 70 -
JMQ F ol J‘P/%} g £
z [sh sy S 50 /_"J SoLas &
g.(‘/qlg// &= N 2
T8 oS gl
‘?L \\/&7"_,/({//” J
v M R R
TR T e N TN
'Jf://\ﬁ fjj\\{s\\jjf‘)ﬂ'/, T“/\TQ/ \ZJ'/ (/ L_l.‘./ 5
//7)/*%/\'/{,’ ({?q;\, S il\\/_13//
Pl 2T i R e B T e g z
,7$//\ \ 5&/ ST A~ Ha o
E L( ,I ,\Y(\Rj%\:‘)" }’ 7\_{_\ | @ 9
© 1 0 o ! ol
% et e DY Sy B,
kg N7V 27A Y
188 12°25' 12°30E 12°35°E 12°25E 12°30°
189  Figure 5: a) intersection between ridge line map (black lines) and H30 map; b) ridge map on DEM represented
190  as hillshade.
191  Step 6: topographic classification
192  Once the identification of the morphological parameters is performed, the final topographic classification is
193  obtained by combining the following maps:
194 1. slope angles (slope map);
195 2. ridges of reliefs with potential topographic amplification (ridge map);
196 3. reliefs with average slope angle i > 30° (H60 map);
197  asreported in Table 2 (Raster calculator tool). The final topographic classification is reported in Figure 6 and
198  provided in the electronic supplement.
199
200
201
202
203
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204  Table 2: Topographic classification (NTC18), based on the proposed GIS-procedure.
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Condition Class Description
ridge = 0 & slope < 15° T1 slope with average slope angle i < 15°
ridge = 0 & slope > 15° T2 slope with average slope angle i 2 15°
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Figure 6: Topographic classification of Italy according to the current Italian seismic code (NTC18), obtained
following the proposed procedure. The histograms of the topographic classes are reported for the Alps (a) and
the Apennine (b, ¢, d) mountain chains, in the Northern, Central, and Southern sectors respectively (grey
outline). e) Pie chart of topographic classes (T1-T4) for the whole Italian territory. The statistics are computed
on a sample of 10,000 random points distributed homogeneously throughout the Italian territory. The count is

normalized to the number of points in each sector.

3. Statistics on the topographic classification map

To provide an overview of the topographic classification map in Figure 6, some statistics are computed on a
sample of 10,000 random points distributed homogeneously throughout the Italian territory, with a minimum
interdistance of 50 m. Figure 6 shows the distribution of the topographic classes for different zones (i.e., Alps
and Northern, Central, Southern Apennines). The Alps are characterized by prevalent T2 slopes (42%) and T4
ridges (31%) (Figure 6a), whereas the Apennines are characterized by prevalent T1 slopes (40-50%) with
equally distributed T3 and T4 ridges (both are around 15-20%) (Figure 6b, ¢, d). Most of the Apennines reliefs
are concentrated to the North (Figure 6b), where the percentage of T2, T3 and T4 classes is larger (~60%) than
in the southern sector of the Apennines (~45%) (Figure 6 c,d). Overall, about one third of the Italian territory
is characterized by sites with possible topographic amplification (i.e., T2, T3 and T4 classes in Figure 6e). In
detail, 25% of Italian territory is characterized by sites in T2 or T3 (topographic amplification factor of 1.2,
Table 1), whereas 12% of the country area is in T4 (topographic amplification factor of 1.4, Table 1) (Figure

6e).

In Figure 7, we show how the proposed topographic classes for the whole Italian territory are distributed with
respect to the maximum observed macroseismic intensity (Imax, Mercalli-Cancani-Sieberg; [42]) at 15332
Italian localities in DBMI15 [32] and the seismic zones in Ref. [40] (S1-S4). As expected, the localities with
the lower Imax (Figure 7a) are concentrated in the lower seismic hazard zones (S3 and S4, ag < 0.15) of
Northern Italy, moving gradually toward the higher seismic hazard zones (S1 and S2, ag > 0.15) of the Central-

Southern Apennines for Imax > 8 (Figure 7d). When we also consider the topographic classification of this
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study, about 40% of the localities with the higher Imax (>6) is affected by topographic amplification (T2-T4
classes, Figure 7c-d), in contrast to just about 20% for lower Imax (<6) (Figure 7a-b). Moreover, we observe
a clusterization of the sites with possible topographic amplification (T2-T4 classes) in Figure 7c, with localities
characterized by medium high Imax (between 6 and 8), localized in seismic zone 2 (S2: 0.15 < ag < 0.25).
These results do not prove the existence of topographic amplification at those sites classified in T2-T4, but the
coherency between the topographic classification (T1-T4), the maximum observed microseismic intensity

(Imax), and the seismic hazard map, represented by the seismic zones S1-S4.
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Figure 7: Statistics on the topographic classification of 15332 Italian localities in DBMI15 [32], grouped based
on the maximum observed macroseismic intensity at a site (I max, Mercalli-Cancani-Sieberg; [42]). a) | max
<4,b)4<Imax <6,c)6<I|max<8,d) | max >8. The percentages are normalized to the number of sites in
each group. S1-S4 are the seismic zones in Ref. [40], and T1-T4 are the topographic classes in NTC18. The

geographic distribution of each dataset in panels a)-d) is reported in the insets.

Finally, we classify the seismic stations archived in the ITACA 3.1 database according to the map in Figure 6.
The stations of the Italian Strong Motion Network (RAN; http://ran.protezionecivile.it/IT/index.php) operated
by the Department of Civil Protection (IT network code), and of the Italian National Seismic Network (RSN;
http://cnt.rm.ingv.it/instruments/network/IV), run by National Institute of Geophysics and Volcanology (IV
network code), are considered in Figure 8a and Figure 8b, respectively. The accelerometric sites, classified as
T1, reflect the distribution in Figure 6e (62% of Italian territory is in T1); however the percentage of T1 sites
in IV and IT networks is quite different (53% versus 68%, respectively, as in Figure 8). Indeed, most seismic
stations of the IT network are installed in urban areas for civil protection purposes (Figure 8a), whereas many
stations of the IV network are installed outside urban areas for seismic monitoring or scientific purposes
(Figure 8b). Among the other topographic classes, both networks have a majority of T3 class for those stations
on the Appennine ridges (Figure 8), whereas the T2 and T4 classes are distributed between the Alps and
Apennine mountain chains (Figure 8). The percentage of T2 sites in the IT and IV networks is equivalent
(~7%), but the percentage of T3 (17% for IT; 26% for IV) and T4 (6% for IT; 12% for 1V) sites nearly

duplicates moving from IT to IV network (Figure 8).
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Figure 8: topographic classification for the seismic stations of the ITACA 3.1 database for the RAN network

(@), and the RSN network (b). IT: network code of the RAN stations; 1V: network code of the RSN stations.
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4. Testing of the topographic classification on case studies

The proposed topographic classification is tested at different sites for which topographic amplification is well
known (e.g. Refs. [43, 44, 10, 45, 46, 22, 23, 47]). In this study we consider Narni, Navelli, Nocera Umbra,

and Assisi (Figure 9).

The seismic amplification of the Narni ridge was investigated through numerical modelling and empirical
observations (e.g. Refs. [10, 46]), which proved the dependence of amplification on morphological features.
The experimental evidence shows an amplification of the reference motion up to 2.2-3, for the spectral
ordinates in the range 0.2-0.3 s (4-5 Hz). The largest amplifications are observed when the direction of the
ground motion is perpendicular to the main axis of the ridge. Ref. [10] describe the Narni ridge as 220-m-high,

with slopes ranging from 22° to 35°. According to the authors, the topographic class of the Narni ridge is T3
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at the eastern end, and T4 at the western end, in agreement with the topographic classification of this study

(Figure 9a).

The Nocera Umbra hill was studied by several authors (e.g. Refs. [43-45]). The historical centre of Nocera
Umbra suffered MCS intensity VII-VIII, due to the Mw 5.7 and 6.0 Umbria—Marche earthquakes on 1997,
September 26™. The hill is elongated in the NNW-SSE direction, with a maximum height of 574 m a.s.l., and
a difference in height equal to 144 m. The northern side of the hill is quite gentle, while the southern one is
very steep, therefore the topographic profile along the major axis is asymmetric with a narrow ridge. In
contrast, the transverse section is more regular and symmetric, with a base width of about 400 m. Topographic
amplification effects are observed at about 3.5 Hz, where the polarization is transversal to the major axis of
the hill. The topographic classification map of this study (Figure 9b) reproduces the morphological features

described in Ref. [45], with a T3 class at the northern end of the relief, and a T4 class at the southern end.

The Navelli ridge was studied by Ref. [23]. The historical centre of Navelli is located along the south-western
slope of a NW-SE-trending narrow ridge, which is lithologically characterized by the outcropping crystalline
limestones. For this case study, a combination of topographic and stratigraphic amplifications was observed,
given a station on a rocky slope (in the historical center of Navelli) and one on a flat alluvial valley (at the base
of the hill). The mean slope angle along the historical center is 19° and considering that this morphological
ridge is much narrow at the top with respect to its base, the Navelli historical centre can be ascribed to the
topographic category T2 [23]. The topographic classification map of this study reproduces the morphological
features described in Ref. [23], but extends the ridge zone to the historical center of Navelli (Figure 9c) that,
for this reason, is classified in T3 instead of T2 class. In this regard, the topographic classification map is

conservative with respect to a more detailed observation at the site.

Finally, the ridge of Assisi, studied by Ref. [22], is presented. The station ASS
(http://itaca.mi.ingv.it/ItacaNet_31/#/station/IT/ASS) is located inside the Sacro Convento, near the historical
Basilica of San Francesco, at the WWN edge of a 3D relief featuring two 2D appendixes pointing NNE and
WWN. The ASS station shows an amplification at 3.5 Hz, polarized at 25°, perpendicularly to the main axis

of the ridge. In Ref. [22] the ASS station is indicated in T3 class. The topographic classification map of this
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study (Figure 9d) reproduces the morphological features described in Ref. [22], with a T3-T4 class for the

WWN edge of the 3D relief.

Figure 9. 3D view of the topographic classification map. Narni (a), Nocera Umbra (b), Navelli (c), and Assisi

(d). The ridge lines are reported as black solid lines. The legend for color scale is the same as Figure 6.

5. Conclusions

The paper describes a GIS procedure for the topographic classification of a DEM, according to the NTC18
seismic code. The resulting map, with the topographic classification of Italy, is provided in the electronic

supplement.
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The GIS procedure is easily replicable: it makes use of (i) Tinltaly high-resolution DEMs, (ii) the ridges
identification with the Topographic Position Index (TPI; [35]), and (iii) slope angle and elevation differences
calculated with built-in ESRI ArcGIS functions. The procedure allows to univocally classify the Italian
territory and improves previous studies [24], where the classification was only performed in the neighbourhood
of a single accelerometric station. Moreover, the results of this study do not need a manual revision, usually
performed on Google Earth [48, 49, 38]. In this case, not applying quantitative and systematic morphological
analyses based on digital elevation models, the topographic classification is affected by a certain level of
subjectivity, related to the point of view, and to the complex geomorphology of the site. The overall check
between the topographic map and the case studies reported in this work indicates a satisfactory representation
of the morphological features and a correct classification of the sites. In case of mismatch, the proposed
classification is generally conservative.

The statistics computed on the topographic classification map show that one third of the Italian territory is
characterized by sites with possible topographic amplification (i.e., T2, T3 and T4 classes, Table 1). In
particular, following the NTC18 and EC8 seismic codes, 25% of Italian territory is characterized by a
topographic amplification factor of 1.2 (T2 and T3 classes), whereas 12% of the country area presents a
topographic amplification factor of 1.4 (T4 class). The NTC18 prescribes the applicability of the topographic
coefficients in case of “simple” configurations, but the criteria to discriminate between “simple” and
“complex” are not specified and, for this reason, the applicability of the coefficients could be debated. Here
we propose the application to the entire Italian territory, extending the classification prescribed in seismic
codes for “simple” 2D relief configurations to all 3D geomorphological settings. The statistics computed on
the 15332 Italian localities in DBMI [32] support the effectiveness of this extrapolation from 2D to 3D, but do
not prove the existence of topographic amplification effects. Based on the topographic classification proposed
in this study, about 40% of the localities that experienced the highest macroseismic intensities (Imax >6) are
potentially affected by topographic amplification (T2-T4 classes). The impact of the topographic amplification
(Table 1) on the hazard map [30], calculated as PGA for a return period of 475 years and soil category A
(NTC18), is shown in Figure 10. Being the topographic amplification period-independent according to NTC18

(Table 1), the effects are the same at all spectral periods.
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The map of the topographic classification of Italy can be used for both scientific and application purposes. In

this regard, the topographic classification map may be used for the characterization of seismic stations, and

may support the identification of sites with systematic topographic effects. The map is also useful for the

selection of accelerometric time histories that meet the spectrum-compatibility requirement indicated in the

Italian (NTC18) and European (EC8) seismic codes. In the latter case, it allows selecting those stations in T1

class, whose recordings are not affected by topographic amplification. Moreover, the proposed map may guide

future investigations of T2, T3 and T4 sites, in particular to study the period-dependent topographic

amplifications, as opposed to the constant amplification factors provided in NTC18 and EC8 seismic codes.
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Figure 10: a) probabilistic seismic hazard map for PGA, soil class A and topographic class T1 (return period

of 475 years), as in Ref. [30]; b) application of topographic amplification factors according to the classification

shown in Figure 6.
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mountain [1]; the focusing of seismic waves near the crest because of the reflection on a free surface and/or
the interaction between incident and diffracted waves [2]. Moreover, topographic seismic amplification is
considered as one of the possible causes of triggers of earthquake induced phenomena, like landslides, which
represent one of the major causes of earthquake-related devastation (e.g. Refs. [3,4]). Several studies over the
last four decades have discussed the effects of surface topography on seismic ground motions from
instrumental investigations [5-12] and numerical models [13, 14, 4, 15, 16]. Relevant macroseismic case
histories are reported by several authors [17, 18, 4, 19, 20, 21]. The proper assessment of topographic
amplification is of key importance in the European context, where a broad range of exposure levels to
earthquake hazard is encompassed [18] and many small towns are located at the top of isolated steep cliffs.
Such unfavourable conditions often come together with high vulnerability of the buildings and the
susceptibility to slope sliding [4]. Therefore, the topographic amplification, even if generally do not exceed
the stratigraphic one (e.g. Refs. [4, 22, 23, 24]), plays a significant role in seismic design, microzonation studies

and hazard analyses.

The current Italian (NTC, 2018; hereinafter NTC18 [25]) and European (CEN, 2004; hereinafter EC8 [26])
seismic codes prescribe frequency-independent amplification factors not larger than 40%, based on the height
and the slope of simple 2D relief configurations. The approach, introduced in the EC8, was further adopted by
NTC (2008) [27] and the current NTC18, where four classes of topographic amplification are explicitly
defined, as listed in Table 1. These categories refer to bidimensional configurations, such as elongated crests

and ridges, and must be considered only when their height is greater than 30m.
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Table 1: Topographic amplification factors prescribed by Italian seismic code (NTC18).

Topographic o Amplification
Description
Class factor
Flat surface, isolated slopes and cliffs with average slope angle i <
Tl 1
15°
T2 Slopes with average slope angle i > 15° 1.2

Relief with ridge width much smaller than the base and average slope

T3 ) 1.2
angle 15°<i < 30°

T4 Relief with ridge width much smaller than the base and average slope 14
angle i>30° '

Following the classification of the Italian seismic code, Ref. [24] first implemented a procedure for the
topographic characterization of seismic recording stations archived in ITACA 2.0 database (ltalian
Accelerometric Archive, http://itaca20.mi.ingv.it/ItacaNet_20/; [28, 29]). The procedure is based on
morphometric analyses of high-resolution digital elevation models (DEMS), with the support of Geographic
Information Systems (GIS). In the specific, the procedure computes the slope and ridge layers from DEM,
besides different statistical indicators (i.e., maximum, minimum, sum, and mean) within a circular buffer area
around each recording station. These statistical indicators are combined to provide both a slope and a ridge
index that are further matched to define the topographic classification of the seismic station. However, some
combinations of the indices do not permit a univocal topographic classification because their arrangement may
lead to different topographic classes (in that case the site is not classified). Moreover, the procedure
implemented for the ridge detection is not straightforward and implies several noise removal steps to enhance
significant features and remove small topographic irregularities. Since the procedure is applied to the
surroundings of each seismic station, it needs to be run each time a new seismic station is added to the database.
These downsides led to the development of a new GIS-based procedure for topographic classification of the
whole Italian territory. However, the NTC18 prescribes the applicability of the topographic coefficients in case
of “simple” configurations, but the criteria to discriminate between “simple” and “complex” are not specified

and, for this reason, the applicability of the coefficients could be debated.
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In this study, we propose a step-like procedure and provide some statistics of the resulting map, correlating it
to the probabilistic seismic hazard [30, 31], the macroseismic intensity data in DBMI15 [32], and the seismic

stations in the Italian Accelerometric Archive 3.1 (ITACA 3.1; http://itaca.mi.ingv.it/ItacaNet 31/#/home;

[33]). The topographic classification is tested at several sites, where topographic amplification has been
observed. Finally, based on the proposed classification, we evaluate the impact of the topographic
amplification factors (Table 1), on the probabilistic seismic hazard map calculated for Peak Ground

Acceleration (PGA), a return period of 475 years, and stiff soil i.e. soil class EC8-A [30].

2. Method

Digital elevation models (DEMs) are fundamental in environmental and morphological analyses. In this study,
the topographic classification is applied to the so called Tinltaly DEM [34], created for the whole Italian
territory as a triangular irregular network (TIN), and converted into grid format of 10m cell size, according to
a tiled structure composed of 193, 50-km side square elements. Ref. [34] carried out a comprehensive
assessment of the accuracy of the Tinltaly DEM, finding a root mean square error in elevation (RMSEz)
between 0.8 and 6.0 m. For our analysis, we select the Tinltaly DEM since, to date, it is the model with the
highest resolution, freely available for scientific purposes for the whole Italian territory.

The morphological analyses applied on the DEM are summarized in Figure 1 and described in detail in the
following subparagraphs. Starting from DEM (Figure 1, step 1), the slope angle is computed (step 2) along
with the Topographic Position Index (TPI; [35], step 3) and the elevation range (maximum minus minimum
elevation value in a moving window), applying a threshold height of 30 m (H30) and 60 m (H60), respectively
(step 4). Since the positive TPI values allow detecting the ridge zones, an empirical threshold of 5 m is adopted
to discriminate between ridges (ridge is assigned 1) and non-ridges (ridge is assigned 0). Considering the slope
and TPI values, a first discrimination of topographic classes can be performed (Figure 1). Whereas T1 and T2
sites are on slopes (ridge = 0), T3 and T4 sites should be on ridges (ridge = 1). Therefore, T1 and T2 categories
can be identified by the combination of ridge =0, and slope angle < 15° or > 15°, respectively (step 6); T3
and T4 classes can be identified by ridge = 1 (Figure 1, step 5), on reliefs with difference in height > 30 m. To

further discriminate between T3 and T4 classes, the H60 map is considered. When H60 = 1 (elevation range
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H is between 30 and 60 m) the site is in class T3 (step 6). In the following, the step-like procedure applied to
the Tinltaly DEM is described in detail, indicating the ESRI ArcGis (www.esri.com) tools adopted for the

morphological analyses.

Step 1:
DEM
Step 2: Step 3: Step 4: Step 4:
Slope TPI H30 H60
< SrV YSm H30=1
ridge=0 ridge=1
No ridge Presence of a ridge
Step 5:
Ridge map
Step 6: Top. class Step 6: Top. class
<15° >15° < 60m / \ >60m
H601= 0 H6i =1
Tl T2 T3 T4
Slope < 15° & Slope > 15° & Ridge with Ridge with
no ridge no ridge 30 <H<60m H 2 60m

Figure 1: Workflow for topographic classification.

Step 1: preliminary DEM processing

To improve the computation time and data handling, the 193 Tinltaly DEM tiles are resampled with a 40 m
resolution. Afterwards, the DEM tiles are merged to obtain a unique map for the Italian territory. Finally, to
remove minor irregularities, a smoothing is performed by applying a mean algorithm with a 3x3 moving
window (e.g. Focal Statistics tool in ESRI ArcGis), as shown in Figure 2a for a sample area in central

Apennines.



114
115

116

117

118

119

120

121

122
123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

Step 2: computation of topographic slope

To compute the slope angle, we use the Slope function implemented on ESRI ArcGis (Figure 2b). The slope
is computed in degree units in a 3 by 3 cell neighborhood (i.e., moving window) on the smoothed DEM,
considering the planar method with the average maximum technique [36]. The slope is measured as the
maximum rate of change in value from a cell to its immediate neighbors. The calculation is performed on a
projected flat plane using a 2D Cartesian coordinate system. The processed cell is judged reliable if the

computation is performed on at least seven cells in the 3 by 3 neighborhood.

Step 3: ridge extraction

For the ridge detection, we adopt the Topographic Position Index (TPI) algorithm proposed by Ref. [35]. This
algorithm is implemented in the Land Facet Analysis toolbox [37] in ESRI ArcGis. The TPI is defined as a
difference between the actual value of the elevation H at given location [x, y] and mean elevation of the

neighboring area A:

TPI(x,y) = HCx,y) = [, H(x,y)3S/ [, 95 Eq. (1)

The area A should be centered at the point [x, y]. Both the size and the shape of the neighboring area have to
be defined in advance, depending on the specific application. In general, there is no constraint on both values.
The TPIs reflect the differences between the elevation in a particular cell and the mean elevation of the
surrounding cells: positive values mean the cell is higher than its surroundings, while negative values mean it
is lower. Therefore, high positive values of TPI characterize ridgetops and hilltops, while negative values
define basins or valley bottoms. TPI values close to zero indicate flat or mid-slope areas. This kind of analysis
strictly depends on the scale used to count the surrounding cells. To set the interval for the TPI analysis, we
carry out some tests, considering different radii (i.e. 300 m, 500 m and 800 m). For the Italian case, a
neighborhood circle with a radius of 500 m is adopted, since it allows better discriminating the ridges out of
the main reliefs, while ignoring the minor deflections [38]. The ridge zones are obtained from the TPI map
(Raster Calculator tool) considering a threshold value equal to 5. The output is a binary raster that takes the
value 1 when TPI > 5 and 0 otherwise (Figure 2c). Since TPI units are in meters, a TPI value of 5 means that

6
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this particular cell is 5 m higher than the average elevation of its neighborhood (i.e., a radius of 500 m). The
TPI threshold is selected empirically. A lower threshold (down to 1) does not significantly affect the final
results. The ridgelines are retrieved by applying a thinning function (Thin tool) that thins rasterized linear

features by reducing the number of cells representing the width of the features [39], as shown in Figure 2d.

c)

Figure 2: Extraction for an area of the Central Apennines of a) DEM, represented as hillshade; b) topographic

slope; c) ridge zones setting TPI > 5; and d) ridge lines after thinning.

Step 4: detection of the difference in height to extract topographic categories T3 and T4
In the EC8 and NTC18 seismic codes, reliefs higher than 30 m are considered to have potential topographic

site effects (i.e., T3 or T4 topographic classes in NTC18). To individuate these reliefs, we compute the
7
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elevation range, i.e., maximum minus minimum elevation value, in 5x5 cells moving windows (Figure 3a;

Focal Statistics tool). Considering that the DEM cell size is 40 m, the maximum and minimum semi-transverse

axis of a relief spanned by a 5x5 moving window is 113 m (e.g. 80- v2m), as exemplified by the dark grey
line in Figure 3, and 40 m (light grey line in Figure 3), respectively. Considering a threshold difference in
height of 30 m (condition for topographic amplification), we obtain the slope angle interval, which ranges
between 14° and 37° (Figure 3b,c), thus including both T3 and T4 classes. To discriminate class T4, we
consider the map representing the difference in height of 60 m that individuates the slope angles in the interval
27°-56° (Figure 3d,e), including T4 sites (i.e, ridges with height greater than 30 m and average slope angle i >
30°). In the following sections, the elevation range computed with a threshold height of 30 m is indicated as

H30; whereas the elevation range computed with a threshold height of 60 m is indicated as H60 (Figure 4).

a) b) c)
/ = £
= R

- . . - 37[ 140

40m 113m
- . % . d) e)
£ £
3 3

56 270[

5 x 5 cells moving window 40m 113m

L min

Figure 3: Trigonometry applied to H30 and H60 maps. a) 5x5 cells moving window with the smaller (light
grey line) and larger (dark grey line) semi-transverse axis spanned in the moving window. b)-c) maximum and
minimum slope angles, considering a difference in height of 30 m, d)-e) maximum and minimum slope angles

considering a difference in height of 60 m.
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Figure 4: Map of a) difference in height of 30 m (H30) and b) 60 m (H60) for the Italian territory.

Step 5: identification of T3 and T4 topographic categories

After the identification of the difference in height to extract T3 and T4 topographic categories, the ridge lines
of the corresponding reliefs can be obtained by overlapping the ridge line map (evaluated in step 3) and the
H30 map (evaluated in step 4) (Raster calculator tool, imposing H30 =1 & ridge lines =1), as shown in Figure
5a. To identify the sparse groups of points (< 5 cells), the Region Group tool is combined with the Set Null
operator. The Region Group counts the number of grouped cells within an 8-cells neighborhood (excluding 0
values), and the Set Null sets to null the cell values for counts less than 5. The sparse groups of points are
finally removed with the Nibble operator that allows filtering of the ridge line raster. Finally, the extracted
ridges are dilated (3 cells per side), using the ArcScan extension (Figure 5b). Being the raster cell size 40 m,
the ridge lines are dilated by 120 m per side to approximate the semi-transverse axis of a relief with a minimum
30 m of difference in height and a consequent minimum slope angle of 15°, which are the thresholds for
topographic amplification according to NTC18 and EC8 seismic codes (see Figure 3c as an example). In this

sense, the 120 m per side is conservative because it may include the whole relief down to the base.
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189  Figure 5: a) intersection between ridge line map (black lines) and H30 map; b) ridge map on DEM represented
190  as hillshade.
191  Step 6: topographic classification
192  Once the identification of the morphological parameters is performed, the final topographic classification is
193  obtained by combining the following maps:
194 1. slope angles (slope map);
195 2. ridges of reliefs with potential topographic amplification (ridge map);
196 3. reliefs with average slope angle i > 30° (H60 map);
197  asreported in Table 2 (Raster calculator tool). The final topographic classification is reported in Figure 6 and
198  provided in the electronic supplement.
199
200
201
202
203

10



204  Table 2: Topographic classification (NTC18), based on the proposed GIS-procedure.
205

Condition Class Description
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Figure 6: Topographic classification of Italy according to the current Italian seismic code (NTC18), obtained
following the proposed procedure. The histograms of the topographic classes are reported for the Alps (a) and
the Apennine (b, ¢, d) mountain chains, in the Northern, Central, and Southern sectors respectively (grey
outline). e) Pie chart of topographic classes (T1-T4) for the whole Italian territory. The statistics are computed
on a sample of 10,000 random points distributed homogeneously throughout the Italian territory. The count is

normalized to the number of points in each sector.

3. Statistics on the topographic classification map

To provide an overview of the topographic classification map in Figure 6, some statistics are computed on a
sample of 10,000 random points distributed homogeneously throughout the Italian territory, with a minimum
interdistance of 50 m. Figure 6 shows the distribution of the topographic classes for different zones (i.e., Alps
and Northern, Central, Southern Apennines). The Alps are characterized by prevalent T2 slopes (42%) and T4
ridges (31%) (Figure 6a), whereas the Apennines are characterized by prevalent T1 slopes (40-50%) with
equally distributed T3 and T4 ridges (both are around 15-20%) (Figure 6b, ¢, d). Most of the Apennines reliefs
are concentrated to the North (Figure 6b), where the percentage of T2, T3 and T4 classes is larger (~60%) than
in the southern sector of the Apennines (~45%) (Figure 6 c,d). Overall, about one third of the Italian territory
is characterized by sites with possible topographic amplification (i.e., T2, T3 and T4 classes in Figure 6e). In
detail, 25% of Italian territory is characterized by sites in T2 or T3 (topographic amplification factor of 1.2,
Table 1), whereas 12% of the country area is in T4 (topographic amplification factor of 1.4, Table 1) (Figure

6e).

In Figure 7, we show how the proposed topographic classes for the whole Italian territory are distributed with
respect to the maximum observed macroseismic intensity (Imax, Mercalli-Cancani-Sieberg; [42]) at 15332
Italian localities in DBMI15 [32] and the seismic zones in Ref. [40] (S1-S4). As expected, the localities with
the lower Imax (Figure 7a) are concentrated in the lower seismic hazard zones (S3 and S4, ag < 0.15) of
Northern Italy, moving gradually toward the higher seismic hazard zones (S1 and S2, ag > 0.15) of the Central-

Southern Apennines for Imax > 8 (Figure 7d). When we also consider the topographic classification of this
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study, about 40% of the localities with the higher Imax (>6) is affected by topographic amplification (T2-T4
classes, Figure 7c-d), in contrast to just about 20% for lower Imax (<6) (Figure 7a-b). Moreover, we observe
a clusterization of the sites with possible topographic amplification (T2-T4 classes) in Figure 7c, with localities
characterized by medium high Imax (between 6 and 8), localized in seismic zone 2 (S2: 0.15 < ag < 0.25).
These results do not prove the existence of topographic amplification at those sites classified in T2-T4, but the
coherency between the topographic classification (T1-T4), the maximum observed microseismic intensity

(Imax), and the seismic hazard map, represented by the seismic zones S1-54.
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Figure 7: Statistics on the topographic classification of 15332 Italian localities in DBMI15 [32], grouped based
on the maximum observed macroseismic intensity at a site (I max, Mercalli-Cancani-Sieberg; [42]). a) | max
<4,b)4<Imax <6,c)6<Imax<38,d) | max >8. The percentages are normalized to the number of sites in
each group. S1-S4 are the seismic zones in Ref. [40], and T1-T4 are the topographic classes in NTC18. The

geographic distribution of each dataset in panels a)-d) is reported in the insets.

Finally, we classify the seismic stations archived in the ITACA 3.1 database according to the map in Figure 6.
The stations of the Italian Strong Motion Network (RAN; http://ran.protezionecivile.it/IT/index.php) operated
by the Department of Civil Protection (IT network code), and of the Italian National Seismic Network (RSN;
http://cnt.rm.ingv.it/instruments/network/IV), run by National Institute of Geophysics and Volcanology (IV
network code), are considered in Figure 8a and Figure 8b, respectively. The accelerometric sites, classified as
T1, reflect the distribution in Figure 6e (62% of Italian territory is in T1); however the percentage of T1 sites
in IV and IT networks is quite different (53% versus 68%, respectively, as in Figure 8). Indeed, most seismic
stations of the IT network are installed in urban areas for civil protection purposes (Figure 8a), whereas many
stations of the IV network are installed outside urban areas for seismic monitoring or scientific purposes
(Figure 8b). Among the other topographic classes, both networks have a majority of T3 class for those stations
on the Appennine ridges (Figure 8), whereas the T2 and T4 classes are distributed between the Alps and
Apennine mountain chains (Figure 8). The percentage of T2 sites in the IT and IV networks is equivalent
(~7%), but the percentage of T3 (17% for IT; 26% for IV) and T4 (6% for IT; 12% for 1V) sites nearly

duplicates moving from IT to IV network (Figure 8).
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Figure 8: topographic classification for the seismic stations of the ITACA 3.1 database for the RAN network

(@), and the RSN network (b). IT: network code of the RAN stations; IV: network code of the RSN stations.
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4. Testing of the topographic classification on case studies

The proposed topographic classification is tested at different sites for which topographic amplification is well
known (e.g. Refs. [43, 44, 10, 45, 46, 22, 23, 47]). In this study we consider Narni, Navelli, Nocera Umbra,

and Assisi (Figure 9).

The seismic amplification of the Narni ridge was investigated through numerical modelling and empirical
observations (e.g. Refs. [10, 46]), which proved the dependence of amplification on morphological features.
The experimental evidence shows an amplification of the reference motion up to 2.2-3, for the spectral
ordinates in the range 0.2-0.3 s (4-5 Hz). The largest amplifications are observed when the direction of the
ground motion is perpendicular to the main axis of the ridge. Ref. [10] describe the Narni ridge as 220-m-high,

with slopes ranging from 22° to 35°. According to the authors, the topographic class of the Narni ridge is T3
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at the eastern end, and T4 at the western end, in agreement with the topographic classification of this study

(Figure 9a).

The Nocera Umbra hill was studied by several authors (e.g. Refs. [43-45]). The historical centre of Nocera
Umbra suffered MCS intensity VII-VIII, due to the Mw 5.7 and 6.0 Umbria—Marche earthquakes on 1997,
September 26™. The hill is elongated in the NNW-SSE direction, with a maximum height of 574 m a.s.l., and
a difference in height equal to 144 m. The northern side of the hill is quite gentle, while the southern one is
very steep, therefore the topographic profile along the major axis is asymmetric with a narrow ridge. In
contrast, the transverse section is more regular and symmetric, with a base width of about 400 m. Topographic
amplification effects are observed at about 3.5 Hz, where the polarization is transversal to the major axis of
the hill. The topographic classification map of this study (Figure 9b) reproduces the morphological features

described in Ref. [45], with a T3 class at the northern end of the relief, and a T4 class at the southern end.

The Navelli ridge was studied by Ref. [23]. The historical centre of Navelli is located along the south-western
slope of a NW-SE-trending narrow ridge, which is lithologically characterized by the outcropping crystalline
limestones. For this case study, a combination of topographic and stratigraphic amplifications was observed,
given a station on a rocky slope (in the historical center of Navelli) and one on a flat alluvial valley (at the base
of the hill). The mean slope angle along the historical center is 19° and considering that this morphological
ridge is much narrow at the top with respect to its base, the Navelli historical centre can be ascribed to the
topographic category T2 [23]. The topographic classification map of this study reproduces the morphological
features described in Ref. [23], but extends the ridge zone to the historical center of Navelli (Figure 9c) that,
for this reason, is classified in T3 instead of T2 class. In this regard, the topographic classification map is

conservative with respect to a more detailed observation at the site.

Finally, the ridge of Assisi, studied by Ref. [22], is presented. The station ASS
(http://itaca.mi.ingv.it/ItacaNet_31/#/station/IT/ASS) is located inside the Sacro Convento, near the historical
Basilica of San Francesco, at the WWN edge of a 3D relief featuring two 2D appendixes pointing NNE and
WWN. The ASS station shows an amplification at 3.5 Hz, polarized at 25°, perpendicularly to the main axis

of the ridge. In Ref. [22] the ASS station is indicated in T3 class. The topographic classification map of this
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study (Figure 9d) reproduces the morphological features described in Ref. [22], with a T3-T4 class for the

WWN edge of the 3D relief.

Figure 9. 3D view of the topographic classification map. Narni (a), Nocera Umbra (b), Navelli (c), and Assisi

(d). The ridge lines are reported as black solid lines. The legend for color scale is the same as Figure 6.

5. Conclusions

The paper describes a GIS procedure for the topographic classification of a DEM, according to the NTC18
seismic code. The resulting map, with the topographic classification of Italy, is provided in the electronic

supplement.
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The GIS procedure is easily replicable: it makes use of (i) Tinltaly high-resolution DEMs, (ii) the ridges
identification with the Topographic Position Index (TPI; [35]), and (iii) slope angle and elevation differences
calculated with built-in ESRI ArcGIS functions. The procedure allows to univocally classify the Italian
territory and improves previous studies [24], where the classification was only performed in the neighbourhood
of a single accelerometric station. Moreover, the results of this study do not need a manual revision, usually
performed on Google Earth [48, 49, 38]. In this case, not applying quantitative and systematic morphological
analyses based on digital elevation models, the topographic classification is affected by a certain level of
subjectivity, related to the point of view, and to the complex geomorphology of the site. The overall check
between the topographic map and the case studies reported in this work indicates a satisfactory representation
of the morphological features and a correct classification of the sites. In case of mismatch, the proposed
classification is generally conservative.

The statistics computed on the topographic classification map show that one third of the Italian territory is
characterized by sites with possible topographic amplification (i.e., T2, T3 and T4 classes, Table 1). In
particular, following the NTC18 and EC8 seismic codes, 25% of Italian territory is characterized by a
topographic amplification factor of 1.2 (T2 and T3 classes), whereas 12% of the country area presents a
topographic amplification factor of 1.4 (T4 class). The NTC18 prescribes the applicability of the topographic
coefficients in case of “simple” configurations, but the criteria to discriminate between “simple” and
“complex” are not specified and, for this reason, the applicability of the coefficients could be debated. Here
we propose the application to the entire Italian territory, extending the classification prescribed in seismic
codes for “simple” 2D relief configurations to all 3D geomorphological settings. The statistics computed on
the 15332 Italian localities in DBMI [32] support the effectiveness of this extrapolation from 2D to 3D, but do
not prove the existence of topographic amplification effects. Based on the topographic classification proposed
in this study, about 40% of the localities that experienced the highest macroseismic intensities (Imax >6) are
potentially affected by topographic amplification (T2-T4 classes). The impact of the topographic amplification
(Table 1) on the hazard map [30], calculated as PGA for a return period of 475 years and soil category A
(NTC18), is shown in Figure 10. Being the topographic amplification period-independent according to NTC18

(Table 1), the effects are the same at all spectral periods.
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The map of the topographic classification of Italy can be used for both scientific and application purposes. In

this regard, the topographic classification map may be used for the characterization of seismic stations, and

may support the identification of sites with systematic topographic effects. The map is also useful for the

selection of accelerometric time histories that meet the spectrum-compatibility requirement indicated in the

Italian (NTC18) and European (EC8) seismic codes. In the latter case, it allows selecting those stations in T1

class, whose recordings are not affected by topographic amplification. Moreover, the proposed map may guide

future investigations of T2, T3 and T4 sites, in particular to study the period-dependent topographic

amplifications, as opposed to the constant amplification factors provided in NTC18 and EC8 seismic codes.
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Figure 10: a) probabilistic seismic hazard map for PGA, soil class A and topographic class T1 (return period

of 475 years), as in Ref. [30]; b) application of topographic amplification factors according to the classification

shown in Figure 6.
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