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ABSTRACT

Despite being in a seismically active region, the city of Acajutla lacks quantitative seismic hazard
assessments. This study aims to evaluate local seismic hazards through site characterization using
microtremor observations. The Earthquake-to-Microtremor Ratio (EMR) method from observed seismic
and microtremor ground motions was applied to transform the horizontal-to-vertical spectral ratios of
microtremors (MHVRs) into pseudo-horizontal-to-vertical spectral ratios of earthquakes (pEHVRs),
which were used to derive shear-wave velocity models at all microtremor observation sites (32 in total)
around the Port of Acajutla. Based on these models, site amplification factors were computed, and strong
ground motions were estimated. The MHVR results indicate a consistent sag in amplitude near 1 Hz,
suggesting unique geological conditions in the deeper layers of the subsurface, namely a high P-wave
velocity contrast at a depth of approximately 500 m. This interpretation was reinforced by the velocity
models obtained through inversion, as a manifestation of the significant amplification observed only in
the vertical component. Furthermore, the estimated strong ground motions imply that the seismic
responses across the study area would be rather uniform, even in the event of a future megathrust
earthquake. This finding suggests that Acajutla is relatively safe in terms of the general characteristics
of'its site effects. The aforementioned discovery of unique geological conditions is indirectly supported
by the existence of similar sites in the Japanese strong-motion networks (K-NET and KiK-net). This
study represents the first detailed and quantitative evaluation of local site effects in this city and provides
valuable insights for future seismic hazard assessments in the region.
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1. INTRODUCTION

El Salvador, with an area of 21,040 km?, is in a tectonically active zone due to the interaction of the
Cocos, Caribbean, and North American plates (Guzman - Speziale et al., 1989). The oblique subduction
of the Cocos Plate beneath the Caribbean Plate, at 65—75 mm/yr (DeMets et al., 2010), generates
earthquakes along the Wadati—Benioff zone and forms the Central American Volcanic Arc (Bommer et
al., 2002; Canora et al., 2010). Seismicity occurs both at the subduction interface and within the slab,
producing shallow and intermediate-depth earthquakes such as those in 2001 (Bommer et al., 2002).
Additionally, forearc deformation produces active faults in the El Salvador Fault Zone (Martinez-Diaz
etal., 2021).

The target area of this study is Acajutla, a city located in the western part of El Salvador
that directly borders the Pacific Ocean. It is home to El Salvador’s main international seaport: the Port
of Acajutla. Additionally, it is home to oil refineries and natural gas plants, making it a strategic point
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for the Salvadoran economy and development. Overall, 15 tsunamis were recorded in El Salvador
between 1859 and 2012, and at least two of them were recorded in the Acajutla area (Ferndndez A, 2011;
Alvarez-Gomez et al., 2013). Despite its susceptibility to seismic activity, there is limited information
regarding actual seismic hazards, and no studies have assessed how local ground conditions amplify
earthquake shaking, which is crucial for a quantitative understanding of seismic hazards. This lack of
data is of particular concern due to the region’s tectonic settings. In order to address this gap, the
objective of the study is to conduct a hazard assessment through site characterization and strong motion
simulation, based on observation of microtremor data, and applying the Earthquake-to-Microtremor
Ratio (EMR) method proposed by Kawase et al. (2018) to obtain the velocity structures.

2. DATA

Microtremor observations were conducted
between May 4 and May 8, 2025, in 32 sites
distributed in the urban center of Acajutla, using | 4%
a two MCcSEIS-AT three-channel microtremor a1 ® f5-3
exploration system manufactured by OYO B-1 %3 o
Corporation. Measurement sites were distributed )
throughout the city at regular intervals of e %
approximately 500 m, as shown in Figure 1. Each V.
recording lasted around 30 minutes under stable "*" (t 2 0
weather conditions. In addition to the %o, F:' o oo ®
microtremor measurements, seismic event =nl Y 2% s o
records were obtained from a permanent SO\ %4
accelerometric station, equipped with a Wilmot . 3
SR-100 seismograph, located at site SS-1 (Figure 1a-sn: e 9
1). The recorded events were used in this study to
calculate the Earthquake Horizontal-to-Vertical )4
Spectral Ratio (EHVR). Seismic events were
selected to ensure reliable EHVR analysis, eV
including only those with PGA < 200 gal, focal
depths < 60 km, Mw > 4.5, and epicentral &% asow Bwdsw 848w
distances < 200 km. Based on these criteria, a  Figure 1. Distribution map of microtremor
total of 10 events were selected. The Ministry of ~ observations shown in red circles. The base map
Environment and Natural Resources (MARN)  was generated using OpenStreetMap data.
provided the waveform data, which included the
three components necessary for EHVR computation.

We used a down-hole Vs profile from ES-2 (Figure 1) for the inversion, obtained during
a MARN groundwater monitoring project in 2019. The 50 m survey, sampled at 1 m intervals, showed
Vs values from 137.3 m/s at the surface to 1063.4 m/s at depth, with a strong contrast between the first
two layers and a gradual mid-depth decrease. This profile served as the basis for the new reference
model applied in the inversion.

3. METHODOLOGY
3.1. MHVR

Microtremors are low-amplitude vibrations from natural and human sources (e.g., wind, sea waves,
traffic, or machinery). Their observation is noninvasive, low-cost, and effective in areas with scarce
seismic data. Nakamura (1989) suggested that MHVR could represent the S-wave resonant
characteristics of the ground. However, the majority of the investigations showed that only the
fundamental frequency is retrieved. Sanchez-Sesma et al. (2011) provided a theoretical basis within the
diffuse field concept (DFC), relating MHVR to the square root of the ratio between the imaginary parts



of the horizontal and vertical components of the Green’s function at the surface. In this study, MHVR
was calculated from microtremor records following the procedure in Kawase et al. (2018): (1) dividing
recordings into 40.96 s segments with 50% overlap, (2) selecting the 25% with the lowest noise, (3)
computing Fourier spectra for NS, EW, and UD components with a 0.1 Hz Parzen window, (4)
calculating NS/UD and EW/UD ratios, and (5) obtaining the RMS of both ratios. These MHVR results
were later transformed via the EMR method into the pseudo EHVR (pEHVR). Thanks to this
transformation, we can use the velocity inversion scheme based on the EHVR within the DFC
framework for incident body waves (Kawase et al., 2011), where EHVR is essentially the ratio of S-
wave to P-wave amplification from the seismological bedrock.

3.2. MHVR-to-pEHVR using EMR Method

Kawase et al. (2018) proposed the empirically derived EMR method to transform the MHVR into a
pEHVR that shares similar characteristics to the EHVR. This reduces MHVR’s limitations, lessens the
need for large earthquake datasets, and enables efficient velocity inversion using only microtremor
observations. For Acajutla, we constructed an EMR by dividing the EHVR obtained at the seismic
station SS-1 by the MHVR at the same site (Eq. 1). The pEHVR at any other site was then obtained by
multiplying Acajutla’s EMR by the local MHVR (Eq. 2).

_ EHVRss_
EMRjcajutia = MHVRgs_; (1
pEHVR = EMRycqjutia X MHVR. )

The EHVR at SS-1 was calculated using seismic records from the S-wave onset over a
40.96 s window. Fourier spectra for NS, EW, and UD components were computed via FFT, and NS/UD
and EW/UD ratios were obtained. EHVR was defined as the RMS of both ratios, with no significant
NS-EW differences, indicating no relevant 2D/3D effects (Matsushima et al., 2014). The final EHVR
curve was the geometric average of all selected seismic events.

3.3. Inversion of Velocity Structure

The EHVR at SS-1 and the pEHVR at other sites were inverted using the same theoretical framework
for EHVR. The method follows Nagashima et al. (2014, 2017), based on diffuse field theory and
implemented through the Hybrid Heuristic Search method (Yamanaka, 2007), which combines Genetic
Algorithms and Simulated Annealing to find a 1D layered subsurface model that best fits the observed
H/V curves. A reference model was defined to set the search range, and 10 inversion runs of 200
generations each were performed, selecting the model with the minimum residual between observed and
theoretical EHVR. Although the method can operate without a reference model, one was used here to
avoid unrealistic solutions. The initial model, derived from boring data at ES-2, was adjusted to ensure
layer continuity, gradual velocity increases, and representation of the seismological bedrock (Vs > 3.2
km/s), where site amplification effects are negligible (Kawase et al., 2011). However, this model could
not reproduce the sags in the lower-frequency range of the observed pEHVR, so a new reference model
was constructed using the ES-2 velocity range and a trial-and-error approach (detailed in section 4.3).

3.4. Deconvolution and Convolution Analysis for Time History Estimates

Using the 1D velocity structures, deconvolution was performed at SS-1 by dividing the observed Fourier
spectra by the horizontal and vertical site amplification factors (HSAF and VSAF), yielding bedrock
spectral amplitudes. Applying the inverse Fourier transform with the observed phase, bedrock
acceleration time histories were reconstructed. Convolution was then applied at each site by multiplying
the bedrock spectra with the local HSAF and VSAF to obtain target site spectra. These were converted



into acceleration time histories through inverse Fourier transforms, again using the phase information
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microtremor  recordings,  identifying  the g
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characteristics of each. Most sites showed high
fundamental frequencies with large amplitudes,
indicating stiff ground. A common feature was a
sag between 1-3 Hz, where the vertical
component exceeded the horizontal in spectral
amplitude (Figure 2). This suggests a weak S-
wave impedance contrast with gradual velocity
increase with depth and a stronger P-wave
velocity contrast due to an abrupt structural
change.
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Figure 2. In the left figure, an example of MHVR
for one site (in red), the dotted blue line indicates
the fundamental peak frequency. In the right figure,
the individual spectra for each component show the
difference between the vertical (green) and
horizontal (purple) components.
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We constructed an EMR for Acajutla using the
MHVR and EHVR at SS-1. As shown in Figure 3,
MHVR and EHVR share a similar shape from 0.3
to 8.0 Hz. Above 8.0 Hz, MHVR becomes larger
than EHVR, and subsequently EMR becomes less
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than 1.0. This EMR was used to transform the
MHVR data into pEHVR data at all the observed
sites. It is hardly idealistic to use this localized
EMR calculated only from one site; however,
MHVRs at other target sites share the same
characteristics as the MHVR at SS-1 in the high-
frequency band; therefore, the localized EMR
should make MHVRs at other target sites similar to the EHVR at SS-1.
It is notable how the sag observed in the MHVR is also retrieved in the
pEHVR.
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4.3. Inversion Process for Velocity Structure

The inversion at SS-1, using the EHVR and the ES-2-based reference
model, produced a realistic velocity profile with good agreement
between the theoretical EHVR and the observed pEHVR. Then, we
applied this model as a reference for other sites, but the results were
unsatisfactory, with theoretical EHVRs deviating significantly from the
observed pEHVRs and yielding unrealistic structures (e.g., >7 km
sediment layers or excessively soft layers over bedrock). To address this,
we develop a new reference model aiming at ES-2 through a trial-and-
error approach, focusing on reproducing the sags observed in MHVR and
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Figure 3. In the left figure, the comparison between
MHVR (red) and EHVR (blue) at SS-1, and the EMR

the right figure, a comparison

between the MHVR (red) and pEHVR (blue) for the
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Figure 4. Comparison of HVR
between the best-fit
theoretical EHVR model (red)
and the target pEHVR (blue).
The gray line indicates the
individual inversion trials.
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pEHVR curves between 1-3 Hz. This model, with controlled searching
ranges for Vs and Vp, was applied to all sites. While sag reproduction
improved, amplitudes remained higher than observed due to the
inversion program’s emphasis on matching peaks in EHVR. Final
models show significant P-wave impedance contrasts, while the S-wave
velocity of the deep layers above the seismological bedrock is high,
with a large thickness. (Figures 4 and 5).

4.4. Distribution of HSAF and VSAF

Theoretical HSAF and VSAF were computed from the inverted
velocity structures using one-dimensional multiple reflection theory.
HSAF peak frequencies, mostly in the high-frequency range, indicate
complex spatial variations in the shallow structure, while similarities at
lower frequencies suggest a common deeper layer across the area,
consistent with inversion results. VSAF peaks occur mainly at low
frequencies with amplitudes larger than the typical value of ~2 at 1 Hz
(Ito et al., 2020), corresponding to the sag in low-frequency MHVR. At
some sites (e.g., SS-1, A-1 to C-1), we have higher peak frequencies
due to resonance by the shallow layers (Figure 6).

4.5. Strong Ground Motion
Estimation

Analysis of the January 13, 2001
(Mw 7.7) earthquake showed that
PGA values at most sites were
slightly lower than at SS-1 (Figure
7). Horizontal PGA ranged from
90-110 gal, with higher values (e.g.,
C-1, D-4, H-3) linked to slower S-
wave velocities in the upper layers.
Vertical PGA varied between 3746
gal. The spatial differences were
marginal,  suggesting  limited
variation in site amplification across
the area. SS-1 consistently showed
the highest PGA, and if a similar
megathrust event occurs in the
future, stronger motion would be
expected there. Combined with the
inversion results, the findings
indicate that nonlinearity effects
could be negligible, and the area is

relatively safe regarding site
amplification,  suggesting  the
importance of future studies on
source, path, and  building
characteristics.
5. CONCLUSIONS

In this study, MHVR from
microtremor observations in
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base map was generated using OpenStreetMap data.



Acajutla were transformed into pEHVR using the EMR derived from earthquake and microtremor data
at the seismic station (SS-1). Most MHVR and pEHVR curves show a consistent sag between 1.0 and
3.0 Hz, linked to peaks in the vertical component, indicating particular geological conditions. The
pEHVRs were used to invert subsurface velocity models, which explain the observed spectral
characteristics and reveal distinct layer configurations. These models were then used to compute
theoretical HSAF and VSAF to simulate seismic responses using the January 13, 2001, Mw 7.7
earthquake as a representative case. The simulations indicate that the strongest motions would occur at
SS-1, where the HSAF is larger than other sites. This detailed site-effect study in Acajutla integrates
pEHVR analysis, velocity inversion, and strong-motion simulation for the first time. Results show that,
unlike typical soft-sediment basins in Japanese ports, Acajutla’s subsurface structure is relatively stiff,
offering favorable conditions for seismic disaster mitigation. The study provides a solid basis for future
strong ground motion estimations in the area from any predicted bedrock motions.
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