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Abstract

This study focuses on enhancing our understanding of sites dominated by both soil properties and 
complex topographic conditions by analyzing ground motion records collected by the Pereira Ground 
motion network. We implemented various techniques to investigate the site effects, including 
empirical site classes and their relative amplification. Additionally, the fragility index  (Kg) was 
estimated using earthquake and microtremor data, enabling a comparison between the two 
approaches. Furthermore, we identified how the topographic conditions of the terrain modified 
the seismic response at station sites. This research aims to comprehensively understand site effects 
during seismic events by combining site classification, fragility assessment, and topographic analysis. 
The findings from this study have the potential to contribute to the development of effective 
strategies for seismic response zonation and assessment, building design, and seismic risk assessment 
from a site characterization perspective.

Keywords: Ground motion; Site effects; Response spectrum; Fourier spectrum; Relative amplification; 
Topographic effects; Site characterization

1. Introduction

Rupture parameters, path configuration, and local soil conditions primarily influence seismic intensities and
ground motions observed during an earthquake at a specific location. The significance of site conditions in seismic 
studies has been extensively explored in the literature. The Mw 8.0 megathrust earthquake in México serves as 
a classic example of the profound influence of soil deposits on the behavior of seismic waves, including ground 
accelerations and velocities, particularly when compared to the effects observed in hard‑rock regions. Researchers 
have reported significant amplification in Mexico City resulting from both distant and nearby seismic events 
(Reinoso and Ordaz, 1999). Knowledge of site effects, obtained through methods such as numerical modeling and 
analysis of historical events, is essential for seismic response zonation and comprehensive site characterization.

In Colombia, local soil conditions have similarly influenced the impact of destructive earthquakes, such 
as the Mw 5.6 Popayán earthquake in 1983 (Page,  1984) and the Mw 6.1 event in the Coffee Region in 1999 
(Chávez‑García et al., 2018). In response to such events, Colombia has mandated microzonation studies since the 
1990s. These studies are required in capital cities and in cities with populations over 100,000 located in moderate to 
high seismic hazard regions. The goal of microzonation is to perform a comprehensive characterization of seismic 
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site conditions using empirical and numerical data to estimate expected seismic amplification and its implications 
for seismic design demands.

One example is the city of Pereira, located in the Coffee Region of Colombia. As the capital of Risaralda Department 
and situated in a high seismic hazard zone according to the current seismic building code (NSR‑10), Pereira is on 
the Armenia fan, a geomorphological unit composed of Quaternary fluvio-volcanic sediments (Nelson, 1957). Below 
these surficial deposits, Caballero and Zapata (1984), report lithological variations, identifying Cretaceous rocks 
such as the Diabase Group (basalts, diabase, and pyroclastics), the Quebradagrande Formation (greywacke, chert, 
slate limestone, and conglomerate), and the Gabbroic stock of Pereira. Additionally, Paleozoic green and graphitic 
schists are also present. Furthermore, human activities have modified the local geology, with the implementation 
of landfills to reclaim land and facilitate neighborhood development. These conditions made Pereira a suitable 
candidate for microzonation studies, first conducted in 1999 and updated in 2019. Given that microzonation involves 
costly geotechnical and geophysical surveys and complex numerical modeling, this study explores simplified 
methodologies for site characterization using strong motion data. The goal is to evaluate whether a framework based 
on single-station strong motion records can be used to: categorize sites, assess site amplification, estimate seismic 
fragility, and investigate wave directivity. It is important to note that while this research provides valuable local-scale 
insights into seismic response and contributes to validating existing zonation, the localized distribution of the 
seismic stations means it serves as a complementary study and does not substitute for a detailed, comprehensive 
seismic microzonation of the entire urban area.

Recognizing the significant influence of local soil conditions, considerable effort has gone into identifying soil 
categories with homogeneous seismic responses. The initial approach involved a binary classification of soil versus 
rock sites. A more refined and quantitative parameter, the shear‑wave velocity to a depth of 30 meters (Vs30), has 
since emerged. Vs30, correlated with geotechnical properties, is a reliable proxy for seismic amplification and has 
become a standard parameter in seismic design codes globally, especially since its inclusion in American code 
provisions (Building Seismic Safety Council (US), 1988; International Council of Building Officials (ICBO), 1997) 
More recently, empirical site classification through the Horizontal‑to‑Vertical Response Spectral Ratio (HVRSR) 
has gained popularity. Specifically, the classifications proposed by Zhao et al.  (2006), Fukushima et al.  (2007), 
Di Alessandro et  al.  (2012), and Idini et  al.  (2017) have demonstrated the effectiveness of HVSR‑based site 
categories. Although these were developed for regional contexts, their application in Colombia has shown 
promising results on both local (Posada et  al.,  2022) and regional scales (Arteta et  al.,  2021,  2023; Mercado 
et al., 2023).

Beyond site classification, various methods exist to evaluate site response and site characteristics using ground 
motion recordings. One such method is the ground fragility index (𝐾𝑔), which helps to evaluate the risk of soil 
liquefaction (Nakamura, 2019). This method typically uses microtremor data to compute the Horizontal‑to‑Vertical 
Fourier Spectral Ratio  (HVFSR), relating amplitude to resonance frequency. Although originally designed for 
ambient noise, we applied this method to earthquake data and compared the results. Another approach is the direct 
calculation of seismic amplification by comparing ground surface recordings with those from rock layers obtained 
from borehole sensors (Kokusho and Sato, 2008). However, such borehole data are scarce in Colombia.

Site conditions are closely linked to the configuration of subsurface soil layers, typically simplified as 
a one‑dimensional problem. However, two‑ and three‑dimensional effects can significantly influence seismic 
response. These effects arise from the interaction of vertically propagating (e.g., their conversion to surface waves) 
and from complex subsurface geometries (Pilz and Cotton,  2019). Topographic effects fall into this category, 
as natural features such as hills can alter seismic response. For instance, the top of a slope can exhibit greater 
amplification, and spectral amplitudes can vary with azimuth, leading to directional resonance along the 
steepest slope (Massa et  al.,  2014). Researchers have used ground motion and ambient noise data to study 
these effects, applying rotated Fourier spectra to detect azimuth‑dependent amplification (Massa et al., 2014; 
Panzera et al., 2013; Pischiutta et al., 2012). In the time domain, polarization analysis of the covariance matrix 
(Jurkevics, 1988) provides a visual trend of horizontal motion direction, allowing identification of directional 
resonance angles.

This study presents a comprehensive analysis of various techniques applied to ground motion records to enhance 
our understanding of soil seismic response. Our methodology consists of three main steps to perform a practical 
geophysical site characterization using accelerograph data. First, we determined empirical site classes for the 
Pereira stations and calculated their relative amplification to assess local site effects. Second, we estimated the 
fragility index (𝐾𝑔) using both earthquake and microtremor data, highlighting similarities and differences. Finally, 
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we evaluated how topographic features, such as slope and elevation, affect seismic response. By integrating these 
approaches, we aim to develop a cost‑effective framework that contributes to a more holistic understanding of soil 
behavior during earthquakes and supports future research and decision‑making.

2. Applied Methods

This study employs strong motion records from accelerograph stations in Pereira. All recorded data underwent 
standard preprocessing to ensure data quality. Specifically, detrending was performed using the ‘simple’ method 
implemented in the “obspy.core.trace.Trace.detrend” function from the ObsPy library (Beyreuther et al., 2010). 
Subsequently, a 5% Hamming taper was applied, and the data were filtered using an 8th‑order zero‑phase band‑pass 
Butterworth filter between 0.08 and 20 Hz. For earthquake‑specific analyses, signals were further examined to 
delineate pre‑event noise, P‑wave and S‑wave arrivals, and the coda wave. This paper then presents four different 
methodologies for evaluating the seismic response behavior of soils: i) empirical site classification, ii) empirical 
transfer functions, iii) Kg vulnerability index, and iv) horizontal terrain directional analysis.

2.1 Empirical site classification

We used 5% damping response spectra to generate the horizontal‑to‑vertical response spectral ratios (HVRSR). 
For calculating the spectral ratio, we used the geometric mean of the response spectra of both horizontal components 
as a proxy for the horizontal movement. We then calculated the quotient between this horizontal component and 
the vertical spectrum. The geometric mean was chosen to represent horizontal intensity because it is an intensity 
measure commonly used to represent ground shaking (Bradley and Baker, 2015). Additionally, this metric reduces 
the aleatory uncertainty for ground motion prediction (Beyer, 2006), making it one of the most widely adopted 
metrics for ground motion practices globally. We applied the Newmark‑Beta method for the response spectrum 
calculation using the Python package GMPE‑smkt (Weatherill et al., 2014). The response spectra were calculated 
between 0.08 and 3 seconds, and then we averaged the resulting HVRSR curves to obtain a single representative 
curve for each station.

The characteristics of the HVRSR curve, particularly its peak, provide the fundamental period of the site. Several 
authors have applied the HVRSR method to establish empirical site classifications (Di Alessandro et al.,  2012; 
Fukushima et al., 2007; Idini et al., 2017; Zhao et al., 2006). Table 1 summarizes classes defined by each author. 
While these classifications often exhibit similar period ranges for some categories, Idini’s (2017) classes notably 
group periods between 0.4 and 0.8 s and introduce the P* parameter to differentiate amplitude values.

Table 1. �Empirical site classifications implemented in different countries using HVRSR curves. T is the site’s natural period 
inferred from HVRSR. P* indicate the amplitude of the HVRSR.

Site Categories

Zhao et al.
(2006)

Fukushima et al.
(2007)

Di Alessandro et al. 
(2012)

Idini et al.
(2016)

Site 
class Description Site 

class Description Site 
class Description Site class Description

SC‑I T < 0.2 s SC‑1 T < 0.2 s CL‑I T < 0.2 s SI
Not identifiable: 

HVRSR < 2

SC‑II 0.2 s ≤ T < 0.4 s SC‑2 0.2 s ≤ T < 0.4 s CL‑II 0.2 s ≤ T < 0.4 s SII T* ≤ 0.2 s

SC‑III 0.4 s ≤ T < 0.6 s SC‑3 T > 0.4 CL‑III 0.4 s ≤ T < 0.6 s SIII 0.2 s < T* ≤ 0.4 s
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Site Categories

Zhao et al.
(2006)

Fukushima et al.
(2007)

Di Alessandro et al. 
(2012)

Idini et al.
(2016)

Site 
class Description Site 

class Description Site 
class Description Site class Description

SC‑IV T > 0.6 SC‑4
Not identifiable 

(rock site)
CL‑IV T > 0.6 SIV 0.4 s < T* ≤ 0.8 s

— SC‑5
Not identifiable 

(soil site)
CL‑V

Not identifiable 
(flat HVRSR and 
amplitude <2)

SV T* > 0.8

— — — CL‑VI
Multiple peaks at 

T < 0.2 s
SVI

Not identifiable: 
BB amplification 

or 2+ peaks

— — — CL‑VII

T not identifiable 
(Multiple peaks 

over entire period 
range)

Classes for P* P*

A 2 ≤ P* < 3

B 3 ≤ P* < 4

C P* ≥ 4

2.2 Empirical transfer function

We calculated the empirical transfer function (ETF) for periods between 0.08 and 3 seconds to estimate the 
relative spectral amplification to a reference site. To estimate these amplification functions, we calculated the 
quotient between the horizontal response spectra as follows:

ETF = Shs/Shr (1)

where, Shs and Shr correspond to the site’s horizontal spectra (through the geometric mean of both horizontal 
components) and the reference on the same component (Borcherdt, 1970, 1994). In this case, the CL‑V class defines 
the reference site due to the closest to the hard‑rock conditions.

These estimations are helpful for the calibration and validation process in 1D and 2D numerical models. Since 
the 1D and 2D models performed in software such as Deepsoil (Hashash et al., 2020) or Quad4M (Hudson and 
Idriss, 1994) consist of simplified layered models with Vs, densities, damping, and soil degradation curves, where 
the propagation of seismic waves from the bedrock to the surface level is modeled. The comparison with empirical 
amplification functions lets the numerical model be appropriately validated to represent the real site effects 
(Farrugia et al., 2018; Kaklamanos et al., 2015).

2.3 Vulnerability index (Kg)

The Kg index is implemented by directly calculating the HVFSR spectra to assess the stiffness of subsoil and 
the potential damage during an earthquake (Nakamura, 2019). Nakamura and Takizawa (1990b) (Nakamura, 2019) 
defined this parameter as the quotient between natural frequency (F) and its peak amplitude (A) from the HVFSR 
of ambient noise:

Kg = A2/F (2)
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To Calculate this index, we generated H/V curves like HVFSRs, where we merged the horizontal components of 
Fourier spectra through geometric mean and later the quotient between combined and vertical spectra. Then, we 
generated the averaged curves with their respective standard deviations. Kg is a vulnerability index and has been 
successfully correlated with high‑damage regions during historical seismic events, including those that occurred 
in 1957, 1979, and the 1985 earthquakes over Mexico City, as well as the effects of the 1995 Hyogo‑Ken‑Nanbu 
earthquake over Kobe (Nakamura, 2002). Furthermore, Kg has shown consistency with the parameters commonly used 
for site effects evaluation, and this is the case of Vs30, which is inversely proportional to the Kg index (Akkaya, 2020; 
Kang et al., 2022; Pamuk et al., 2018) and the natural frequency included directly on Kg estimation.

Despite its good performance in estimating the seismic site conditions, the principal use of the Kg index since its 
formulation probably has been the soil liquefaction assessment. Several examples in the literature of this method 
are from traditional geotechnical information, such as SPT tests and the cyclic resistance ratio (CRR) (Abdelrahman 
et al., 2022; Jalil et al., 2021; Rezaei and Choobbasti, 2014). The Kg value is primarily correlated with soil liquefaction 
and damage to small buildings, as previously remarked by Nakamura (2019). Additionally, low Kg values typically 
correspond to hard soils or soft rocks whose seismic response is at low periods and amplifications, while high 
values of Kg are related to soft soils and deeper with the seismic response at high periods (Güven, 2022; Meneisy 
et al., 2020).

2.4 Horizontal terrain directional analysis

We implemented methodologies in the time and frequency domains to evaluate topographic effects. The frequency 
domain method involves the horizontal‑to‑vertical ratio from the Fourier spectrum (HVFSR) as a function of both 
frequency and direction of movement (Pischiutta et al., 2022). Previous studies (Di Giulio et al., 2009; Massa et al., 2014; 
Panzera et al., 2013; Pischiutta et al., 2012) have implemented a rotated HVFSR to evaluate directional resonance 
and determine the frequencies at which ground motion reaches maximum values in the horizontal. To do this, we 
first rotated the horizontal components of the pre‑processed accelerogram at 10‑degree intervals from 0 to 180 
degrees at each station, and then we calculated each rotated HVFSR associated. Next, the resulting spectra were 
smoothed using a 20% Konno‑Ohmachi window for improved visualization. Finally, we averaged the spectra and 
generated a representative curve for each azimuth, providing a simple function of frequency and movement. To 
take advantage of the arrangement of temporary stations installed, we estimated the standard spectral ratios (SSRs) 
to evaluate the relative amplifications among stations generated by the topographic conditions. For doing this, we 
used 10 s of S‑wave in the SSRs calculation due to the improved results of Massa et al. (2014) (Massa et al., 2014) 
for this time window. Finally, we calculated the quotient among stations in the crest and stations in the base to 
identify amplification values at frequencies different from the fundamental one.

Although the rotated HVFSR helps to define horizontal polarization, the time domain method allows having 
a direct estimate of polarization angle. Therefore, we implemented the three components for estimating the 
ellipsoid polarization from eigenvalues and eigenvectors of the covariance matrix (Jurkevics,  1988). Before 
calculating, we filtered the signals between the frequencies where the rotated HVFSR reached the maximum 
values. Posteriorly, for each event, we estimated the covariance matrix running window with 0.5 s width and a 20 
percent overlap (Pischiutta et al., 2012). To improve the results, we implemented the hierarchical criteria defined 
by Pischiutta et al. (2014) (Pischiutta et al., 2012, 2014). Then, we filtered the three parameters of the polarization 
ellipsoid: azimuth, rectilinearity, and apparent incident angle. A circular histogram of azimuth is plotted for 
rectilinearity values between 0.5 and 1 and values of incident angles between 45° and 90°.

3. Data implementation

Pereira City is widely recognized as the capital city of the coffee ground region in Colombia, making it an ideal 
candidate for studying the site and topographic effects. The geological and geomorphological context of the city 
has a complex topographic environment covered by soft‑silty volcanic ashes with depths of up to 30 meters (Díaz 
et al., 2021; Universidad de los Andes – CARDER, 1999). Given the intricate soil structure and the city’s significant 
size, Pereira has become a prime location for seismic microzonation studies, geophysical characterizations, and 
seismic instrumentation since the 90’s. This section presents the dataset collected from various permanent and 
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temporary stations historically established throughout the city. We also outline the methodology and show our 
results for Pereira.

3.1 Strong motion data and location

We used two datasets of accelerometer recordings from both permanent and temporary stations (Fig. 1). The first 
dataset corresponds to the ground motion network in Pereira, which has varying historical records across stations. 
Specifically, data were available for the BATA station between 1995 and 2000, the MAZP and UTP stations from 1996 
to 2011, and the CAST station from 1996 to 2010. In contrast, the Colombian Geological Survey (SGC in Spanish) has 
been operating CUBA and CBOCA since 2011, recording data from these stations. Additionally, the SGC installed 
three portable accelerometers (PERC1, PERC2, and PERC3) on the hillside between 2019 and 2021. These stations 
are located along the profile, where we found an evident difference between PERC1 and PERC3, with a 55‑meter 
elevation difference between them and a slope reaching 40 degrees.

The local geology of Pereira is primarily characterized by Quaternary sedimentary deposits forming part of the 
Armenia fan, which overlie older, stiffer bedrock (Cretaceous rocks and Paleozoic schists) as described in Section 1. 
Within this geological framework, the stations are situated on different subsurface conditions. Most stations, 
including BATA, UTP, CUBA, PERC1, PERC2, and PERC3, are located on alluvial and fluvio‑volcanic deposits, whose 
composition can vary from sands and gravels to volcanic ashes depending on their specific location. In contrast, the 
stations MAZP and CAST are situated on deep and old anthropogenic landfills, typically composed of fine materials, 
that cover the canalized canalized Egoyá stream. The CBOCA station, on the other hand, serves as our hard‑rock 
reference site, located directly on the underlying bedrock. The variability in these subsoil materials across the 
network, ranging from hard rock to stiff soil deposits and landfills, influences the seismic response and is further 
characterized by the empirical site classification based on resonance periods from HVRSR curves derived from the 
accelerometric records, as discussed in Section 3.3.1.

We identified 96 earthquakes for our analysis after visual inspection of the records and the selection of signals 
with higher PGA values using a threshold value of 0.1 gals. Figure 2 shows the geographic distribution of the 
epicenters, with the deepest event being 160 km. Despite the M6.1 Eje Cafetero (Coffee zone) Earthquake in 1999 
having reached a PGA of 292 gals at the MAZP station, nearly 80% of the recorded PGAs were less than 25 gals. 
The most significant events recorded in temporary stations were the Mw 5.1 La Victoria and Mw 6.1 Mesetas 
earthquakes, which reached PGAs of 29 and 20 gals, respectively.

Figure 1. �Location of the ground motion stations of Pereira used in this study. Black triangles represent permanent stations. 
Red triangles are temporary stations located along a profile to evaluate the topographic effect. Basemap colors 
are indicating the elevation.
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3.2 Additional data for validation

To achieve the primary objective of this study – developing a framework for site characterization using seismic 
records – it is crucial to include supplementary data for validating the proposed methodologies and results.

In the case of Pereira, two seismic zonation studies have been conducted. The first was completed in the 
late 1990s  (Universidad de los Andes – CARDER,  1999), while the most recent study, undertaken in 2021, was 
a collaboration between the Colombian Geological Survey and the local risk management office at the Pereira City 
Hall. Both studies provided the city with a set of homogeneous seismic response zones, each characterized by 
amplification functions corresponding to various shaking levels and return periods. As these amplification functions 
and homogeneous zones were derived from detailed geophysical, geotechnical, and geological soil characterizations, 
this study utilizes both the raw geophysical data and the resulting amplification functions as benchmarks for 
validation. The validation approach is outlined below.

3.2.1 Geophysical information

The most recent soil characterization in Pereira was conducted using 158 Vs profiles and H/V Fourier spectra  
(HVFSRs). These data were distributed across urban and peri‑urban areas, aligning with the seismic response zones 
defined in previous studies. This characterization followed the methodology described by (Mercado et al., 2023), 
employing triangular arrays to perform microtremor measurements using the SPAC methodology (Aki, 1957; Cho 
et al., 2004, 2013) and directly inverting the resulting dispersion curves (Pelekis and Athanasopoulos, 2011). Figure 3 
illustrates the spatial distribution of this geophysical data in Pereira, highlighting that the characterization sites 
are in close proximity to the various seismic stations.

Figure 2. �Seismicity distribution was recorded between 1996 and 2021 by temporary and permanent stations in Pereira. 
The colorbar indicates hypocenter depth, while the circle size depicts the local magnitude calculated by the 
SGC  (Servicio Geológico Colombiano,  1993)  (Servicio Geológico Colombiano,  1993). The dark blue square 
indicates the Pereira’s location.
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Figure 4 shows the spatial distribution of the natural period (Tn) and Vs30, based on the city’s microzonation 
study. Figure 5 presents scatter plots illustrating the relationships between key soil parameters, including Tn, 
Vs30, and predominant frequency, as well as the correlation between basin depth, Vs30, and natural frequency. 
The data indicate that, for Pereira, basin depth is proportional to both Vs30 and frequency. Furthermore, as expected, 
frequency and Vs30 exhibit a proportional relationship. To better illustrate the observed trends, Fig. 5 includes trend 
lines and the corresponding parameters from linear regressions applied to the data. Although the maximum R2 
values from the linear regression was always under 0.6, a general trend is observed.

Figure 3. �Spatial distribution of geophysical data from the seismic zonation study of the city. Adapted from Díaz et al. (2021).

(a)

(b)

Figure 4. �(a) Spatial distribution of Vs30 and (b) natural period from the geophysical characterization. Adapted from Díaz 
et al. (2021).
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In this work, we used the H/V Fourier spectra from the microzonation studies to validate the results obtained with 
the proposed methodologies in the results section. More details about the geophysical characterization performed 
to the city from microtremor measurements can be found directly in the study performed by Díaz et al. (2021).

(a)

(c)

(b)

(d)

Figure 5. �Scatter plots of soil parameters in Pereira soil deposits, (a) Vs30 vs natural period  (Tn), (b) Vs30 vs natural 
frequency (1/Tn), (c) Depth to a layer with Vs value of 760 m/s vs Vs30, and (d) Depth to a layer with Vs value of 
760 m/s vs natural frequency.

3.2.2 Amplification functions and seismic microzonation map

As mentioned before, the last seismic microzonation of the city was performed by Díaz et al. (2021). Briefly, 
the study used a comprehensive methodology to identify homogeneous amplification zones and to characterize 
the amplification functions  (in term of spectral accelerations) to each zone. The study included the following 
main activities:

	– Study of the historical seismicity of the city.
	– Seismic hazard assessment at a rock condition.
	– Processing and interpretation of ground motion seismic records from regional and local networks at the city (see 

previous Section 3.1).
	– Construction of a geotechnical database.
	– Geophysical characterization of the city (see previous Section 3.2.1).
	– Construction of 1D models to perform non‑linear site‑response analysis of the soil, at 71 different sites where 

the best information was available.
	– Validation of numerical models from seismic data recorded within the city.
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	– Estimation of amplification functions at four different PGA values for rock (0.04, 0.17, 0.25, and 0.48) at the 
different modelled sites.

The microzonation study included the 1D modelling of 71 sites using the software Deepsoil (Hashash et al., 2020). 
Figure 6 present the spatial distribution of the numerical models, and how almost all the sites with seismic 
stations were selected for this analysis. Given that most of the stations were included in the analysis, the seismic 
records obtained on them were used to validate the numerical models in the original study. As an example of the 
amplification functions estimated in the microzonation study, Fig. 7 presents the average amplification functions 
at the site of MAZP stations.

Figure 6. Spatial distribution of the 1D numerical models developed by Díaz et al. (2021).

Figure 7. Amplification Functions estimated for MAZP. (a) In terms of response spectra, and (b) in terms of Fourier spectra.

After the 71 models were performed, 10 different seismic zones were defined from the aggrupation of sites 
with similar amplification functions and subsoils properties. The different zones lead to distinguish between 
alluvial deposits, residual materials, volcanic‑ashes deposits, and deposits with important in‑filled materials from 
anthropogenic origin. Figure 8 presents a figure with the spatial distribution of the different zones defined by the 
microzonation studies, while Fig. 9 for instance, presents the amplification functions at PGA, Sa (0.3 s) and Sa (1.0 s) 
in the different 10 defined zones.

In this work, we used specifically the amplification functions from 1D modelling at the lower intensity shaking 
in the specific site where the seismic stations are located to validate the empirical amplifications obtained in the 
results section of this paper (Table 2).
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Figure 8. Microzonation study map for Pereira city. Adapted from Díaz et al. (2021).

Figure 9. �Amplification functions defined in the different seismic zones at PGA, Sa (0.3 s) and Sa (1.0 s) in terms of PGA 
value in rock level. Adapted from Díaz et al. (2021).

Table 2. Description of seismic zones. Adapted from Díaz et al. (2021).

ID General description
Expected depth 

up to Vs of 360 m/s 
[m]

Range of depth 
up to Vs of 760 m/s 

[m]

Expected 
Vs30 
[m/s]

Range  
of Tn 

[s]

1A
Conglomeratic materials and 

highly rigid clast‑supported flows
<7 60‑80 >450 <0.25

1B

Layers of sandy silty to sandy 
silty gravelly laharic flows up 

to 7 meters thick on highly rigid 
clast‑supported flows

<7 40‑90 250‑600 0.1‑0.3

2A Silty sands resulting from the 
total weathering of the rock 
on a residual profile of rock

15‑30 30‑90 ±300 0.2‑0.5

2B 30‑45 70‑90 ±250 0.4‑0.7



Gustavo Posada et al.

12

ID General description
Expected depth 

up to Vs of 360 m/s 
[m]

Range of depth 
up to Vs of 760 m/s 

[m]

Expected 
Vs30 
[m/s]

Range  
of Tn 

[s]

3A

Sandy silt deposits of volcanic 
origin on top of sandy silts 

with low humidity and presence 
of gravels

<30 40‑110 250‑450 0.3‑0.5

3B <30 50‑110 150‑360 0.3‑0.6

4A 30‑40 60‑110 150‑300 0.4‑0.7

4B >40 70‑110 150‑300 0.4‑0.7

5A
Sandy silt deposits of volcanic 

origin with presence of antropic 
in‑fills on top of sandy silts 

with low humidity and presence 
of gravels

<30 30‑130 ±150 0.3‑0.7

5B >30 70‑130 ±150 0.4‑0.7

Given the information from the latest microzonation study presented before, we assigned the Vs30 and natural 
period to the different stations from the geophysical characterization carried out in that study, and we assigned the 
corresponding seismic zonation study, a summary is presented in the Table 3. In the case of CBOCA station, it was 
located outside the microzonation study area, however it is located in a very stiff site with a Vs profile which reach 
up to 760 m/s at depths around 10 m.

Table 3. Geophysical properties estimated at the seismic stations from the geophysical characterization.

Station Vs30 
[m/s]

Tn 
[s] Seismic zone

BATA 311 0.32 3A

CUBA 263 0.36 3B

MAZP 221 0.4 5A

CAST 171 0.61 5B

CUTP 219 0.45 4B

PERC1 208 0.48 4A

PERC2 189 0.42 4A

PERC3 247 0.43 3B
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3.3 Results and discussion

3.3.1 Site classification

The classifications defined previously in Table 1 were obtained in regional studies; for local context, the geology 
and topography could have a crucial role in the seismic response (Posada et al., 2022). Due to this fact, we used a mix 
of Di Alessandro et al. (2012) and (Idini et al., 2017) classes to improve the characterization in Pereira. Table 4 shows 
the classification with the best adjustment to Pereira. We do not discriminate classes higher than 0.6 s because our 
sites do not reach up to 0.67 s. In general, the available earthquake ground motion records used for each station 
varies: BATA (4), CAST (9), CBOCA (9), CUBA (16), PERC1 (40), PERC2 (25), PERC3 (47), MAZP (27), and UTP (24).

Table 4. �Classes implemented for Pereira. We used a combination of categories by Idini et al. (2017) and Di Alessandro 
et al. (2012). P* indicates the amplitude of H/V curve.

Site class Description Classes for P* P*

CL‑I T ≤ 0.2 s A 2 ≤ P* < 3

CL‑II 0.2 s ≥ T < 0.4 s B 3 ≤ P* < 4

CL‑III 0.4 s ≤ T < 0.6 s C P* ≥ 4

CL‑IV T ≥ 0.6 s

CL‑V
Not identificable 

(flat HVRSR and amplitude <2)

Based on Table 4 and similar to Di Alessandro et al. (2012), the first class (CL‑I) defines hard soil with periods of 
less than 0.2 s. The second class (CL‑II) is associated with intermediate stiffness soils and natural periods between 
0.2 and 0.4 s. The third class (CL‑III), defined by periods between 0.4 and 0.6 s, represents intermediate‑soft stiffness 
soils. Finally, the fourth class (CL‑IV) has periods larger than 0.6 s, allowing associate soft soils. In the same way, 
to improve site classes for Pereria, adding the P* from Idini et al.  (2017) as a weight to the amplitude HVRSR. 
This classification is also like the one defined by Mercado et al. (2023) for the soils of Northern South America, who 
described an additional break for natural periods over 0.8 s.

After obtaining the Natural period through the HVRSR curves, we classified the sites according to Table 4. We 
identified five classes in Pereira: CL‑V: CBOCA station, CL‑IIB, PERC2 station, CL‑IIC: BATA and CUBA stations, 
CL‑IIIC: PERC1, PERC3, and UTP stations, and CL‑IVC: UTP and CCAST stations. This classification allows us to 
identify the CBOCA station as a hard‑rock site, defined in this study as a reference site for relative amplification 
calculations. The significance of P* is demonstrated by comparing BATA, CUBA, and PERC2 stations, which are in the 
same period cluster, according to Di Alessandro et al. (2012). However, PERC2 has lower amplitudes than the other 
stations, probably because of the topographic effect due to its location on the base of the hill (Massa et al., 2014) 
or potentially due to local soil conditions and stratigraphy influenced by its position (Fig. 10a). Finally, the MAZP 
and CCAST stations are located over Pereira’s softest soils, with periods of 0.63 and 0.67 s, respectively (Fig. 10b).

The variations of our empirical site classification depend essentially on the thickness of the soils and 
modifications generated by the topography. We noted how the local geology modified the seismic response among 
the sites, particularly in the landfills, where periods and HVRSR amplitudes increase associated with MAZP and 
CCAST stations (CL‑IVC). Instead, differences between CL‑IIIC, CL‑IIC, and CL‑IIC classes are associated with the 
soil rigidity and the thickness of the soils (Díaz et al., 2021). Based on the empirical site classification (Table 4) and 
the geological description of the station locations, our results indicate a broad consistency between the defined site 
classes and the general geological context (hard rock, alluvial/fluvio-volcanic deposits, landfills) of the study area; 
however, this is not a rule for places with more complex geological settings (Chopra et al., 2018; Posada et al., 2022).
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The topography can be a critical factor in the seismic response and has a crucial role in Pereira; a clear example 
is the PERC2 station, located on the base of a hill, which shows a significant reduction in the HVRSR amplitude 
related to the deamplification. This phenomenon has been analyzed in Italy through local instrumentation 
(Massa et al., 2014). Directly, the HVRSR curves do not always reach to show the amplification alterations product 
of the topography. Such is the case of the PERC1 station, which, despite its location, does not present irregular 
amplitude values.

Additionally, we generated representative HVRSR curves for each class by averaging the individual curves 
within each group. Afterward, we calculated the relative amplification for each site by dividing the HVRSR curve 
by the reference site  (CL‑V class). Figure 11a shows amplifications below values of 2 for the CL‑IIB, indicating 
relatively low amplification. In contrast, the CL‑IIC and CL‑IIIC classes have amplification values ranging from 
4 to 5. The CL‑IVC class exhibits the highest amplification value of 5.4, as shown in Fig. 11d. To evaluate the 
reliability of these relative increases, we compare them to the 1D nonlinear amplification model computed for the 
microseismic zonation of Pereira (Díaz et al., 2021). Comparing the relative amplification calculated for the defined 
soil classes (empirical curves, shown in blue) with the predictions from the 1D amplification models (red curves) 
in Fig. 11, we observe that the 1D approach provides a reasonable general estimation for some classes and frequency 
ranges. However, significant discrepancies are apparent for certain classes, most notably for CL‑IIB (Fig. 11a), which 
is represented by the PERC2 station. The substantial difference observed here between the empirical amplification 
and the 1D model is primarily attributed to the influence of complex local topography at the PERC2 site. PERC2 
is situated at the base of a prominent hill (see Fig. 1 for station location), a setting where seismic wave propagation 
is significantly modified by 2D and 3D topographic effects or by the stratigraphy. Unlike 1D numerical models 
that assume horizontal layering and vertical wave propagation, these effects, such as de‑amplification at the base 
of slopes or amplification at hilltops, are not accurately captured by 1D models. The empirical curve for PERC2 
in Fig. 11a reflects the actual site response including this topographic influence, while the 1D model, based on 

(a)

(b)

Figure 10. �Averaged spectral ratios (HVRSR) with their standard deviation and site classes for Pereira. (a) BATA and CPER 
stations correspond to the CL‑IIC class. The PERC2 station corresponds to the CL‑IIB class. The CBOCA station 
has a flat curve associated with hard‑rock (CL‑V). (b) PERC1 and PERC3 stations correspond to the CL‑IIIc class, 
and MAZP and CCAST stations to the CL‑IVC class.
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a simplified vertical soil profile, does not. This discrepancy underscores the limitations of 1D models in complex 
terrains and highlights the critical importance of considering topographic effects for accurate seismic response 
assessment. Furthermore, the difference observed between the relative amplification for CL‑IVC  (Fig. 11d) and 
the 1D model is primarily associated with the model’s limitation in accurately representing the complex dynamic 
behavior of landfills.

(a) (c) (d)(b)

Figure 11. �Relative amplification  (blue line) concerning CL‑V  (hard rock) for each class. The periods of maximum 
amplifications are close to the natural periods. The red line corresponds to the 1D amplification model associated 
with each class (Díaz‑Parra et al., 2021). (a) CL‑IIB. (b) CL‑IIC. (c) CL‑IIIC. (d) CL‑IVC.

3.3.2 Index Kg

Although the empirical base of this method is developed from ambient noise data, we implemented earthquake 
signals to build the HVFSRs and compare them with the Kg values obtained from microtremor measurements. 
Microtremor data are from circular arrays taken for the seismic response zonation study (Díaz et al., 2021). To relate 
these measurements, we tried to ensure the same local conditions using the nearer microtremor circular array to each 
station; however, this is not possible in some places due to the topography or a suitable location around the station.

As a result, the HVFSR curves obtained from earthquake data and ambient noise data show reasonable agreement 
in terms of peak frequency and shape for the CCAST, PERC3, and CUBA stations. While not a perfect fit due to the 
inherent differences in the wavefields and data characteristics, the overall trends are similar. However, significant 
discrepancies were observed when comparing the earthquake and microtremor HVFSRs for the MAZP, UTP, PERC1, 
and PERC2 stations. The reasons for these differences vary by station and highlight the sensitivity of HVFSR to 
specific local conditions and measurement locations:

	– For MAZP, a notable difference in peak frequency and curve shape is observed (Fig. 12b). This discrepancy
is primarily attributed to a logistical factor: due to the original permanent station having been retired and its
site subsequently occupied by a new building, the microtremor measurements for MAZP had to be conducted at
a slightly different location. This change in measurement point likely reflects varying local soil conditions, which
consequently influenced the observed seismic response. This minor spatial separation, combined with potentially
high spatial variability of subsoil properties characteristic of anthropogenic landfill materials at this site, likely
contributed to the observed difference in response characteristics between the two measurement points.

	– For PERC1 and PERC2, discrepancies are also evident when comparing their earthquake and microtremor
HVFSRs  (Figs. 12e and  12f). Similar to MAZP’s situation but related to terrain challenges, the microtremor
measurement locations from the microzonation study were not performed at the exact same spot as the
permanent stations due to difficult topographic conditions (PERC1 on a hilltop, PERC2 at the base of a hill). 
Local subsurface variations and small differences in measurement points in these complex topographic settings 
can lead to differing seismic responses.

	– For the UTP station (Fig. 12c), a particular situation occurs where despite the permanent station and microtremor 
measurement sites being located nearby and on the same general geological material, the HVFSR curves do not
show a close fit. This suggests the influence of local heterogeneities or other uncharacterized site conditions at
a very localized scale, affecting the response differently for earthquake and noise wavefields at these specific points.
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Beyond these site‑specific discrepancies or agreements, it is important to note general factors influencing the 
comparison between earthquake and ambient noise HVSRs. While the fundamental frequency estimation might 
show stability across methods for certain sites (e.g., UTP, CUBA, PERC1, and PERC3 to varying degrees), variations 
in the amplitude peaks are common. The two methods inherently use different data sources (earthquake vs. ambient 
noise), and additional uncertainties are associated with the results, particularly regarding amplitude. Factors such 
as seasonal local wind and temperature conditions can significantly affect noise H/V amplitudes over frequency 
ranges between 2‑18 Hz (Hillers and Ben‑Zion, 2011), influencing apparent amplification in both soil and rock site 
classifications (Cara et al., 2003). Furthermore, the level of anthropogenic noise, sometimes related to the hour of the 
day when records are acquired (Benkaci et al., 2021), can also affect the H/V amplitude, with some studies reporting 
changes up to 37% over the peak amplitude associated with this effect (Volant et al., 1998). These factors contribute 
to the observed variability in amplitude peaks when comparing noise and earthquake‑based site response estimates.

(a)

(e)

(c)

(g)

(d)(b)

(f)

Figure 12. �Averaged Fourier spectral ratios (HVFSR) with their standard deviation calculated from earthquake data for 
Pereira (blue line) and HVFSRs calculated from microtremor data (red line). (a) The CCAST station. (b) The MAZP 
station. (c) The UTP station. (d) The CUBA station. (e) The PERC1. (f) The PERC2 station. (g) The PERC3 station.

Once the HVFSR curves have been obtained, we apply Equation 2 to calculate the Kg index at each station. 
Table 5 shows amplitudes, resonance frequencies, and Kg values for earthquake and noise data, which reflects 
the observed in Fig. 10. We do not have significant frequency changes at most stations, only at MAZP and PERC2, 
where the differences reach 1.1 and 1.5 Hz, respectively. The main variations are in the amplitudes, which are 
similar only at sites where the topographic effect is absent and the SPAC measure is nearby (CCAST, PERC3, and 
CUBA). Furthermore, at these sites, Kg index results do not exceed a variation of 40%, as Fig. 13 shows. Significative 
variations ranging from 79% to 165% of the Kg index are on complex topographic conditions; as expected, the 
UTP site represents the higher variation (Fig. 13). The meaningful changes could result from regional topographic 
conditions, where the surface waves of the ambient noise did not reach to record, and the ground motion waves did.

We found how the topography modified the seismic response knowledge; therefore, ground motion records are 
crucial in urban cities. This parameter allows us to estimate the empirical factor accurately to realize better the 
damage potential, liquefaction, and soil stiffness (Kang et al., 2022; Nakamura, 2019; Pamuk et al., 2018).
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Figure 13. Kg index variation between earthquake and microtremor data. Stations with better adjustment are lower than 40%.

3.3.3 The empirical transfer function (ETF)

We identified the two higher earthquakes recorded in temporary and CBOC stations for calculating the response 
spectra, which are intraplate and crustal events associated with Mw 5.1 La Victoria and Mw 6.1 Mesetas, respectively. 
Then, we found the empirical amplification through the quotient between horizontal components of the PERC1, 
PERC2, and PERC3 sites and the CBOC site. Figure 14 shows our calculation; panels A and B are La Victoria records, 
while Panels C and D are from the Mesetas earthquake. PERC1 shows higher amplifications over the different 
earthquakes and components. Meanwhile, the north‑south component denotes the difference between PERC2 and 
PERC3 sites. These amplification differences are the consequences of the station array configuration, wherein the 
topography modifies the records (see Fig. 1) or even the stratigraphy at the sites.

Variations in amplification ought to be linked with topography, as the proximity between stations and slight 
geological differences need not result in abrupt changes. We also observed that the La Victoria earthquake generates 

Table 5. �Kg index results for earthquake and microseismic data. Differences are noticeable at sites where topography does 
not allow measurement.

Site
Earthquake Analysis Microtremor analysis

Amplitude Frequency Kg Amplitude Frequency Kg

UTP 8.1 2.1 31.2 18.6 2.2 157.2

MAZP 7.9 1.6 39.0 6.5 2.5 16.9

CUBA 9.8 2.8 34.3 8.6 2.7 27.3

PERC1 7.4 2.1 26.1 13.4 2.1 85.5

PERC2 3.7 3.8 3.6 9.3 2.3 37.6

PERC3 6.0 2.1 17.1 7.6 2.3 25.1

CAST 8.2 1.6 44.8 7.1 1.6 31.5
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amplifications above 10 in long periods at PERC1, which could be the topographic effect associated with the regional 
geomorphology, where the frequencies or wavelengths are related to the hill dimension (Pischiutta et al., 2022). 
ETFs are helpful inputs to the calibration process during the creation of 1D and 2D models, especially in 2D, where 
simulations can represent the topography.

(a) (c) (d)(b)

Figure 14. �Empirical transfer functions (ETF) were calculated for two earthquakes. (a) and (b) correspond to the 5.5 Mw 
La Victoria event, and (c) and (d) correspond to the 6.1M Mesetas event.

3.3.4 Terrain directional movement

We analyzed earthquake and noise data recorded to assess topographic effects on temporary stations. To calculate 
the noise HVFSR, we used 120 minutes of records and applied 60‑second time windows. Then, we rotated and 
calculated each spectral ratio based on the guidelines outlined in SESAME (SESAME, 2004) using Geopsy software 
(Wathelet et al., 2020). Figure 15 summarizes the results of our earthquake and noise data analysis. The results 
generally show similar patterns between the two data types. However, at the PERC1 station, earthquake data shows 
higher amplitudes than noise data at the natural frequency  (~2 Hz) and frequencies below 1 Hz, while noise 
data shows higher amplitudes between 2.5 and 3.5 Hz. At PERC2 and PERC3, the differences between the earthquake 
and noise data are despicable, but noise data provides a more straightforward definition of the natural frequency. 
Finally, we observed at PERC3 that the noise H/V amplitude is higher than the earthquake data. The variations 
between noise (or microtremor) and Earthquake data at the same sites have been studied and even corrected (Kawase 
et al., 2019). However, the azimuths display a similar pattern in both data, where the amplitude values match. These 
directions are associated with a directional amplification generated by the topography.

Based on previous studies, we know three main premises about the seismic response and topography. 1) Sites on 
the top ridges have higher amplifications, 2) Sites on the base have a deamplification effect, and 3) sites on flat places, 
the seismic response is not modified (Massa et al., 2014). Figure 1 shows a profile view of topographic conditions for 
the temporary stations, where PERC1 and PERC2 are at the crest and base of the hill, respectively. The topographic 
effect could modify the seismic response, generating a directional resonance along the axis of the steepest slope 
(Massa et al., 2014; Panzera et al., 2014; Pischiutta et al., 2012). PERC1 presents this phenomenon, where the main slope 
direction is oriented N10‑20W. This preferred orientation of the topography is clearly reflected in the directionality 
of the seismic response identified through our analyses. Specifically, the Rotated HVFSR results (Figs. 15a and 15d) 
show maximum amplification values along azimuths centered around N10‑20W  (Azimuth 160° – 170°). These 
directional analysis methods, detailed in Section 2.4, thus allowed us to identify the consistency between the 
topographic orientation and the preferred direction of ground motion at PERC1. Otherwise, the PERC2 station on 
the steepest slope presents a deamplification coherent with the previous premises. Based on Fig. 1, PERC3 is situated 
in a small basin surrounded by hills and unaffected by topography like PERC1 and possibly PERC2. However, we 
observed variations in the amplitude of the rotated HVFSR at this site. Although we avoid exploring the basin effect 
in this study, these variations could be related to the geometry of the basin.
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(a)

(d)

(c)

(f)

(b)

(e)

Figure 15. �Rotated HVFSR for earthquake and noise data at temporary stations. (a) HVFSR calculated at PERC1 station 
using earthquake data. (b) HVFSR calculated at PERC2 station using earthquake data. (c) HVFSR calculated 
at PERC3 station using earthquake data. (d) HVFSR calculated at PERC1 station using noise data. (e) HVFSR 
calculated at PERC2 station using noise data. (f) HVFSR calculated at PERC3 station using noise data.

Similarly, we calculated the rotated HVFSR for three permanent stations (Fig. 16). Although the UPT station 
is near a small hill, the rotated HVFSR does not present significant variations along the evaluated azimuths (Fig. 16a). 
In contrast, MAZP and CPER stations are directly affected by topography. The First one is on an N5W (Azimuth 185°) 
moderate slope, coherent with the higher amplitude values at azimuths close to the slope direction  (Fig. 11b). 
The location of the CUBA station presents flat topography but is limited by a scarp toward the northwestern. 
Figure 16c shows azimuths in an N30W  (Azimuth 150°) direction, with higher amplitude values than in other 
directions.

(a) (c)(b)

Figure 16. �Rotated HVFSR calculated at permanent stations. (a) HVFSR calculated at UTP station using earthquake data. 
(b) HVFSR calculated at MAZP station using earthquake data. (c) HVFSR calculated at CUBA station using 
earthquake data.

Based on SSR calculation, we estimated amplifications among PERC1 y PERC2 sites concerning the PERC3 station. 
Figure 17a shows the first analysis between PERC2 and PERC3, which yields deamplification at 3.5 Hz or lower; 
nevertheless, from the frequency mentioned, the amplification reaches its maximum values between 10 and 20 Hz. 
Regarding azimuths, amplifications are associated with an orthogonal direction to the main slope between 50° and 
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70°. On the other hand, Figs. 17b and 17c show the amplifications calculated for the PERC1 station. Amplifications 
concerning PERC3 do not indicate significant values in the predominant frequency  (2.1 Hz in Table 5), but at 
4 and 7.5 Hz, we found values of 3.5 and 3.2, respectively. Although we have two top amplification picks, the 
azimuth directions vary between them, being 4 Hz in the main slope direction (170°) and 7.5 Hz in the orthogonal 
direction (60°‑70°). Finally, Amplifications regarding PERC2 show two picks, the first at 2.1 Hz; this value does 
not correspond with the topography because this frequency coincides with the deamplification at PERC2 and the 
predominant frequency at PERC1. However, we can observe at 4 Hz an amplification that can reach up to 3.5 in the 
main slope direction (170°).

(a) (c)(b)

Figure 17. �Rotated SSR calculated at temporary stations. (a) Rotated SSR between PERC2 and PERC3 stations. (b) Rotated 
SSR between PERC1 and PERC3. (c) Rotated SSR between PERC1 and PERC2.

To visualize and analyze the directional characteristics of ground motion, we applied polarization analysis, with 
results displayed on a 3D hill shade map in Fig. 18. By analyzing the polar histograms of polarization azimuth derived 
from earthquake data, we can identify the dominant directions of particle motion at each station, which are often 
related to directional resonance or scattering caused by local site conditions and topography.

Figure 18a presents the polar histograms for the temporary stations. The results for PERC1, PERC2, and PERC3 
are shown in this panel, clearly labeled to distinguish each station’s histogram. For PERC1, the polar histogram 
shows a precise concentration of polarization azimuths around N10W, consistent with the orientation of the 
main slope at the site and in agreement with the direction of maximum amplification observed in the rotated HVFSR 
analysis (Fig. 15). For PERC2, located at the base of a significant slope, the analysis also indicates a predominant 
directionality, centered around S80W (Fig. 18a). Note that polarization analysis primarily reveals direction of motion, 
not amplification/de-amplification magnitude, which is captured by spectral ratios (e.g., Fig. 15). PERC3, located on 
a flatter part of the profile, does not display a single, strongly concentrated polarization direction; instead, a broader 
distribution is observed with some trends around N10W and N50W (Fig. 18a). This pattern for PERC3 may be related 
to the local geology and hills surrounding the site, potentially indicative of complex wave scattering or trapping 
effects that prevent a single clear direction from dominating the earthquake wavefield polarization.

Other stations, including permanent stations, show varying polarization patterns. In the case of the UTP 
station  (Fig. 18b), the polarization analysis indicates a predominant directionality around N60E. This result 
is notably different from the direction of maximum amplification observed in the rotated HVFSR analysis for 
UTP  (Fig. 16a). Although UTP is located on moderate topography, the polarization pattern appears to reflect 
directionality potentially influenced by nearby scarps or small hills toward the southwestern and northeastern.

For the MAZP station  (Fig. 18c), located on a heterogeneous landfill site, the polarization histogram shows 
a more scattered and less defined distribution of azimuths compared to other sites. This is likely a consequence of 
the complex internal structure and variability within the landfill material, which can cause significant scattering 
of earthquake waves and prevent a single dominant direction of particle motion from emerging clearly across the 
analyzed records. While the reviewer noted a potential influence of ambient noise on these data, this polarization 
analysis was performed using earthquake data as stated. The scattered pattern at MAZP is attributed primarily to 
the complex site structure influencing earthquake wave propagation directions.
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For the CUBA station  (Fig. 18d), situated near a scarp, the polarization analysis reveals a clear dominant 
directionality around N30W. This result is consistent with the orientation of the nearby scarp or geological boundary 
and aligns with the direction of maximum amplification observed in the rotated HVFSR (Fig. 16). While the reviewer 
noted a potential influence of ambient noise, the observed polarization pattern from earthquake data at CUBA 
reflects the influence of this site‑specific structural feature on the direction of earthquake ground motion.

(a)

(c) (d)

(b)

Figure 18. �Polarization diagrams were obtained through the covariance matrix method. 3D Hillshade generated from 
a  DTM  (3 × 3 m) allows visualization of the excellent relationship between the topography and diagrams. 
(a) PERC1, PERC2 and PERC3 stations. (b) UTP station. (c) MAZP station. (d) CUBA station.

4. Conclusions

Our empirical site classification for Pereira stations was defined using a combination of the classes proposed
by Idini et al. (2017) and Di Alessandro et al. (2012), which provided improved resolution for periods between 0.4 
and 0.7 seconds. The differences observed across the five defined classes primarily depend on deposit thickness 
and modifications induced by topography. Local geology influenced the seismic response at sites underlain by 
anthropogenic fills, as observed at the MAZP and CCAST stations, which exhibited the highest natural periods 
and amplification values. As expected from seismic response fundamentals, sites on stiff soils or hard rock showed 
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lower fundamental periods, although topographic amplification was evident in some cases. Relative amplification 
with respect to the hard‑rock reference site showed good agreement in areas with minimal topographic complexity, 
supporting its use as a proxy for 1D model estimation.

Originally designed for microtremor analysis, the Kg index was evaluated using earthquake records, yielding 
consistent results at stations such as CCAST, CUBA, and PERC3, where topographic influence is limited and 
microtremor measurements were taken nearby. In contrast, topographic constraints at PERC1 and PERC2 led to 
significant discrepancies due to the need for distant measurements. At MAZP, the variation was attributed to the 
heterogeneity of landfill thickness, and at UTP, topographic effects not evident in the microtremor data caused 
discrepancies despite the proximity of the measurement sites. In general, differences in Kg values remained below 
40% for sites without major topographic influence but increased markedly in more complex terrains.

Two significant events  (Mw 5.1 La Victoria and Mw 6.1 Mesetas) were used to compute empirical transfer 
functions (ETF) for the PERC1, PERC2, and PERC3 stations with respect to the CBOC reference site. The results 
revealed clear amplification patterns related to topography. PERC1 consistently exhibited higher amplification across 
events and components, demonstrating that topographic variations – rather than proximity or subtle geological 
changes – play a critical role in modifying seismic response. These ETF estimates proved valuable for validating and 
calibrating numerical models, especially in 2D simulations that account for surface geometry.

The rotated HVFSR analysis effectively identified azimuthal variations in amplification, which corresponded well 
with the steepest slope directions. Stations at the base of slopes (PERC2) exhibited deamplification, while those at 
hilltops (PERC1) displayed significant amplification, reinforcing findings from previous studies. Nevertheless, the 
stratigraphic conditions at the PERC2 site, influenced by its proximity to the base of the hill, could also affect the seismic 
response. Although this technique effectively highlighted directional resonance caused by local topography, it was less 
informative at sites affected by larger‑scale geomorphology (e.g., UTP). Complementary polarization analysis provided 
further insight into directional effects, especially at UTP, where the rotated HVFSR did not reveal anomalies, but the 
polarization diagram indicated a preferred azimuth consistent with nearby scarps. The SSR analysis further confirmed 
topographic amplification and deamplification patterns consistent with studies in similar environments.

Classic tools for seismic response analysis – such as empirical site classification, ETF, and the Kg index – 
remain valuable, especially when enhanced with directional methods. While local geology governs the primary 
characteristics of site response, geomorphological features have a more pronounced role in complex terrains. 
Therefore, we focused on quantifying topographic effects through three complementary approaches. Although 
additional methods (e.g., damping ratio from borehole sensors or κ₀ estimations) could enhance the analysis, their 
application was limited by the available data (i.e., surface stations only). Future studies in Colombia and other 
tectonically active mountainous regions should incorporate similar multi‑method frameworks to better understand 
seismic site response under complex topographic conditions.
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