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Abstract. A noticeable decrease in seismic noise was regis-
tered worldwide during the lockdown measures implemented
in 2020 to prevent the spread of COVID-19. In Central Amer-
ica, strong lockdown measures started during March of 2020.
In this study, we used seismic stations from Costa Rica,
Guatemala, El Salvador, and Nicaragua to study the effects
of these measures on seismic records by characterizing tem-
poral variations in the high-frequency band (4-14 Hz) via
spectral and amplitude analyses. In addition, we studied the
link between the reduction in seismic noise and the number
of earthquake detections and felt reports in Costa Rica and
Guatemala. We found that seismic stations near the capitals
of Costa Rica, Guatemala, and El Salvador presented a de-
crease in their typical seismic noise levels, from 200 to 140,
from 100 to 80, and from 120 to 80 nm, respectively. Our re-
sults showed that the largest reduction of ~ 50 % in seismic
noise was observed at seismic stations near main airports,
busy roads, and densely populated cities. In Nicaragua, the
seismic noise levels remained constant (~ 40 nm), as no lock-
down measures were applied. We suggest that the decrease
in seismic noise levels may have increased earthquake detec-
tions and the number of felt reports of low-magnitude earth-
quakes. However, the variations observed in several seismic
parameters before and after the lockdown are not significant
enough to easily link our observations or separate them from
other contributing factors. Our results imply that the study
of seismic noise levels can be useful to verify compliance
with lockdown measures and to explore their effects on earth-
quake detection and felt reports.

1 Introduction

The seismic noise recorded by seismometers includes mi-
croseisms and atmospheric, anthropogenic, or cultural noise
(Nimiya et al., 2020). The anthropogenic seismic noise in
urban areas tends to be rowdier and more complex than else-
where. This includes seismic signals generated by human ac-
tivities such as transportation and industrial activities (Groos
and Ritter, 2009; Diaz et al., 2017; Hong et al., 2020). It is
difficult to identify precisely how and at what frequencies
different human activities are represented in seismic records
(McNamara and Buland, 2004; Green et al., 2017; Lecoq et
al., 2020a). Indeed, seismic noise includes various anthro-
pogenic noises as a function of frequency, time, and distance
in a range usually between 1 and 40 Hz (Kuzma, 2009; Riahi
and Gerstoft, 2015; Diaz et al., 2017).

A reduction in the seismic noise worldwide has been ob-
served coinciding with the lockdown measures to prevent the
spread of COVID-19, which was declared a pandemic by the
World Health Organization in March 2020 (Sohrabi et al.,
2020). This effect was first described for Shillong (India) by
Somala (2020), for northern Italy by Poli et al. (2020), and
at a global scale by Lecocq et al. (2020a). Governments have
tried to prevent or delay the spread of COVID-19 by enforc-
ing social distancing via measures such as limiting nonessen-
tial activities, closing schools and universities, restricting the
mobility of the citizens, and shutting down workplaces (Pic-
cinini et al., 2020).

Central America has been severely affected by the of
COVID-19 pandemic with an estimated death toll of 18 145
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people by the end of 2020 (SICA, 2020). This small land
bridge (1400km long and 80-400km wide) between the
Americas is home to about 50 million inhabitants. It is
located mostly on the Caribbean Plate and the Panama
Microplate, surrounded by four major tectonic plates: the
Cocos Plate to the southwest, the Nazca Plate to the
south, and the North American and South American plates
to the north and southeast, respectively. The boundary
between the Cocos and Caribbean plates occurs at the
Middle America Trench (MAT), where the Cocos Plate
subducts underneath the Caribbean Plate and the Panama Mi-
croplate. The North Panama Deformed Belt (NPDB) con-
stitutes the Caribbean Plate—Panama Microplate boundary,
and the Polochic—Motagua Fault System (PMFS) marks the
Caribbean—North American Plate boundary (Fig. 1) (e.g.,
Adamek et al., 1988; Kellogg and Vega, 1995; Trenkamp et
al., 2002; Vargas and Mann, 2013). This complex and ac-
tive tectonic setting in Central America generates high seis-
micity rates and volcanic activity. For instance, some of the
deadliest earthquakes (Fig. 1) were the 1910 M 6.4 Cartago
earthquake in Costa Rica, the 1972 M 6.3 Managua earth-
quake in Nicaragua, the 1976 M 7.5 Guatemala earthquake,
and the 1986 M 5.7 San Salvador earthquake in El Salvador,
with ~ 600, ~20000, ~23000, and ~ 6000 fatalities, re-
spectively (Espinosa, 1976; Mann et al., 1990; Harlow et al.,
1993; Alonso-Henar et al., 2013).

Seismometers in urban settings optimize the spatial cov-
erage of seismic networks in these areas and warn of local
geological hazards, for example, the amplification of seis-
mic waves (Ashenden et al., 2011). Some of the main insti-
tutions in charge of the permanent monitoring of seismicity
in Central America are the National Institute of Seismology,
Volcanology, Meteorology and Hydrology (INSIVUMEH,
in Guatemala); the National Service for Territorial Studies
(SNET, in El Salvador); the Nicaraguan Institute for Terri-
torial Studies (INETER, in Nicaragua); the National Seis-
mological Network of the University of Costa Rica (RSN-
UCR, in Costa Rica); and the Volcanological and Seismo-
logical Observatory of the National University of Costa Rica
(OVSICORI-UNA, in Costa Rica). Belize and Honduras lack
an official seismic service, and Panama has several local net-
works, such as the Chiriqui and the University of Panama
(UPA).

As the high root mean square (RMS) levels of the
high-frequency seismic anthropogenic noise displacement
(HFSAND-RMS) hamper the ability to detect signals from
earthquakes and volcanic eruptions, the analysis and delim-
itation of the HFSAND-RMS is of the utmost importance
(Lecogq et al., 2020a). The objective of this work is to present
the first study of the HFSAND-RMS during COVID-19 in
Central America. We used seismic stations in Central Amer-
ica (Fig. 1) to evaluate the effects of lockdown measures on
the seismic record near urban centers of four countries in the
region: Costa Rica, Guatemala, El Salvador, and Nicaragua.
In addition, specific sites near populated centers and airports
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in Costa Rica and Guatemala are also analyzed. Finally, we
explore the possible impact of the low noise levels on the
capability to detect earthquakes and on the number of felt
reports during the lockdown.

2 Data and methods
2.1 Seismic stations and data

We consider data from vertical-component seismometers
from 10 seismic stations located in Costa Rica, Guatemala,
El Salvador, and Nicaragua. Four of them are operated by the
RSN (Costa Rica), four are operated by the INSTVUMEH
(Guatemala), one belongs to the Ministry of Environment
and Natural Resources (MARN in El Salvador), and one be-
longs to the INETER (Nicaragua) (Figs. 1 and Al in the Ap-
pendix). Most of these stations have been selected within
or near the capitals of each country in order to obtain an
overview of the changes in the seismic records induced by
the lockdown measures. In Costa Rica and Guatemala, where
we had more access to the records, we also selected three sta-
tions close to other populated centers or airports.

The selected stations include both broadband seismome-
ters (BB) and short-period geophones (SP). For Costa Rica,
we use the TC.SJS1 station (BB, GURALP CMG-6TD) lo-
cated at the main campus of the University of Costa Rica
in San José. This station is 3 m below ground level, and the
sensor is installed in a concrete pillar. We also inspected the
TC.BELE, TC.ERIA, and TC.ZEDO stations (SP, Sixaola in-
struments manufactured by Raspberry Shake), located in ur-
ban areas at fire station buildings at ground level, close to
Juan Santamarfa International Airport, Liberia, northwest-
ern Costa Rica, and in San Isidro, Pérez Zeledén, south-
eastern Costa Rica, respectively. For Guatemala, we used
the GL.GCG4 station (SP, OSOP Sixaola) located in an ur-
ban area, close to the Aurora International Airport. This
station is 3m below ground level, and the sensor is also
installed in a concrete pillar. Furthermore, we analyzed
GLHUEH, GL.RETA, and GI.CHIE stations (BB, GURALP
CMG-3ESP), located in urban areas, close to local airports
and the downtown areas of Huehuetenango, Retalhuleu, and
Esquipulas, respectively. These stations are at ground level
inside a dedicated vault with a concrete pillar.

For El Salvador and Nicaragua, we use the SV.CEDA
station (BB, Nanometrics Trillium 120P), located close to
the Pan-American Highway in the city of La Libertad, and
NU.MGAN station (BB, Streckeisen STS-2), located at IN-
ETER in the downtown area of Managua. The continuous
seismic data for Costa Rica and Guatemala were obtained di-
rectly from the seismological networks of each country (IN-
SIVUMEH, 2013; RSN, 2017) and from IRIS for El Salvador
and Nicaragua, via the FDSN (the International Federation
of Digital Seismograph Network) web services (INETER,
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Figure 1. Map of Central America and the location of the selected seismic stations from Costa Rica, Guatemala, El Salvador, and Nicaragua
that are used in this work. The map shows the approximate location of the North Panama Deformed Belt (NPDB) and the Polochic—Motagua
Fault (PMF). Darker red tones indicate areas with higher population density. The numbered stars represent the deadliest historic earthquakes
mentioned in the text: (1) 1910 M 6.4 Cartago, Costa Rica; (2) 1972 M 6.3 Managua, Nicaragua; (3) 1976 M 7.5 Guatemala; and (4) 1986
M 7.5 San Salvador, El Salvador. © ESRI and its data partners (ArcGis Services, 2020).

1975; SNET, 2004). We analyzed data over a time span cov-
ering 1 year from 1 November 2019 to 31 October 2020.

2.2 Seismic noise analyses

A spectral and amplitude analysis was carried out to charac-
terize temporal variations in high-frequency (4-14 Hz) seis-
mic signals dominated by the anthropogenic noise using the
RMS. We computed the high-frequency seismic noise am-
plitude prior to and during the pandemic lockdown measures
(before 16 March 2020). The results have been compared to
the lockdown measures implemented by the governments for
each country, as documented in Table Al in the Appendix
(SICA, 2020), and their compliance by the population.

The high-frequency seismic noise amplitudes were com-
puted following the method described by Lecoq et al. (2020a)
and using the code provided by Lecoq et al. (2020b). In this
technique, the method of Welch (1967) is applied: a power
spectral density (PSD) is calculated for each 30 min time
window with a 50 % overlap, converted into equivalent dis-
placement, and combined into a single RMS value per time
window (Blackman et al., 1958). This reduces the numerical
noise in the power spectra at the expense of reducing the fre-
quency resolution due to frequency binning, but this effect
is minimized with a conservative smoothing parameteriza-
tion (Lecoq et al., 2020a). Moreover, to highlight the general
temporal pattern of the amplitude of the seismic noise, the
displacement RMS time series with four samples per hour
were averaged each day between 06:00 and 16:00 LT (local
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time, UTC—6). Additionally, for some stations in Costa Rica
and Guatemala, the median displacement RMS of each hour
was computed, for each day, comparing the result before and
during the lockdown. Finally, an analysis of the percentage
change in the HFSAND-RMS was performed to obtain a me-
dian amplitude value for the whole period during the major
restrictive measures, from 16 March to 15 May 2020, and to
compare it with the median of the period before lockdown
measures, from 15 January to 15 March 2020.

2.3 Earthquake detection capability and felt reports

For Costa Rica and Guatemala, the effect of the reduction
in the HFSAND-RMS on earthquake detection was explored
during the lockdown period, using the seismic catalogs of
the RSN (Costa Rica) and the INSIVUMEH (Guatemala).
At both observatories, earthquakes are located automatically
by SeisComP3 (Gempa, 2019) and manually using SEISAN
software (Havskov et al., 2020). With this objective, a period
before lockdown from 1 November 2019 to 15 March 2020
(4.5 months) was taken as a reference to compare with a
proportional period during the confinement measures, from
16 March to 31 July 2020 (4.5 months).

Using curves of an earthquake magnitude—frequency dis-
tribution, we inspected earthquakes with moment magnitude
(My,) <4.0 before and during lockdown, as small events bet-
ter reflect the variations in the detection capability. Further-
more, we quantified the average number of seismic phases
per earthquake as function of the magnitude, obtaining linear
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regressions for the two data sets. In addition, to explore the
increase in the number of earthquakes detected as a function
of magnitude, we calculated the Gutenberg—Richter relation-
ship (Gutenberg and Richter, 1944) before and during the
lockdown. To calculate these seismic parameters and their
uncertainties, we used the classical maximum likelihood
technique of Aki (1965) modified by Weichert (1980). To run
this methodology, we used the OpenQuake software (GEM,
2020). The magnitude of completeness (M.) was estimated
using the MAXC method, which corresponds to the maxi-
mum point in the noncumulative graph of the Gutenberg—
Richter relationship (e.g., Wiemer and Wyss, 2000; Woess-
ner and Wiemer, 2005).

We also investigated the effect of lockdown measures
on the number of earthquakes felt by the population. For
both Costa Rica and Guatemala, we counted the number of
felt earthquakes in different magnitude intervals. In these
two countries, the population reports earthquakes via smart-
phones and social networks. Furthermore, to analyze if there
is a correlation between the decrease in the HFSAND-RMS
and the increase in low-magnitude felt events as well as be-
tween the low-magnitude felt events and the hour of the day,
we explored the spatial context of these events with a map
of felt seismicity and its occurrence hour, before and during
lockdown.

Additionally, the RSN maintains an interactive applica-
tion for smartphones called “RSN”, which includes the “; Lo
sentiste?” module (Linkimer and Arroyo, 2020), also avail-
able on the RSN website. This app was developed by the
RSN based on the “Did you feel it?” questionnaire from
the United States Geological Service (USGS) (Atkinson and
Wald, 2007; Wald et al., 2011), which was translated into
Spanish and simplified and adapted to Costa Rica. The users
access the app, answer 12 simple questions (Table A2), and
obtain a quick estimation of the intensity determined by the
community decimal intensity (CDI), which is an aggregate of
the average sums of the indexes associated with the questions
(Dengler and Dewey, 1998). All the reports are shown in an
emoticon map that updates continuously and can be accessed
in real time in the app or on the RSN website. Finally, after
enough (>~ 300) reports and outliers have been manually
removed, an average intensity map is generated (Linkimer
and Arroyo, 2020). We use this tool to complement the felt
earthquakes analysis in Costa Rica, collecting the number of
felt earthquakes reported through this app, before and dur-
ing lockdown, including only the events with at least three
reports and with My, < 5.0. These events were also averaged
by magnitude intervals.
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3 Results and discussion
3.1 Seismic noise and lockdown measures

The stronger lockdown measures in Central America started
on 16 March. In Costa Rica, some of the main restrictions
implemented by the governments were the closure of bor-
ders, schools, nonessential stores, and beaches as well as
the prohibition of massive public events (e.g., concerts and
soccer games) and home-office implementation. Although
no curfew was imposed on citizens in Costa Rica, a strict
vehicle mobility restriction has been maintained throughout
the pandemic. For Guatemala and El Salvador, the lockdown
measures were very similar to those implemented in Costa
Rica; however, in some cases, the former included restric-
tions on the mobility of citizens and curfews. These measures
have been softened or hardened as the pandemic has evolved
in each of these countries (Table Al). Very few lockdown
measures were taken in Nicaragua to prevent the spread of
COVID-19, and no specific measures were applied to restrict
social mobility.

An important decrease in the HFSAND-RMS is shown in
seismic stations located near the capitals of Costa Rica (Uni-
versity of Costa Rica campus, San José), Guatemala (close
to the Aurora International Airport, Guatemala City), and El
Salvador (close to the Pan-American Highway) (Fig. Al).
This has been observed during the lockdown measures (Ta-
ble Al; Figs. 2, 3), except for Nicaragua (urban area, at IN-
ETER, Managua).

Figure 2 shows the time of day on the vertical axis, the pe-
riod analyzed on the horizontal axis, and the high-frequency
displacement RMS using colors: blue for the lowest level and
yellow for the maximum. The graph clearly shows the still-
ness of the night (blue colors between 22:00 and 05:00 LT),
the relative quiet of weekends (vertical blue bars that alter-
nate periodically), and the hustle and bustle from day to day
(yellow colors). Figure 3 shows the displacement on the ver-
tical axis and time on the horizontal axis. The orange line
represents the median recorded displacement, which usually
has its maximum during daytime, when more seismic noise is
present, and its minimum during the night. In addition, Fig. 3
also show that the noise level is lower on the weekends. In
these figures, we marked the beginning of the social distanc-
ing measures on 16 March (red line), the period of the end of
the year holidays 2019 (1), Easter 2020 (2), and a brief pe-
riod in July 2020 when there was a strict return of lockdown
measures in Costa Rica (3) (Table Al).

In both types of graphs (Figs. 2, 3), for the stations in Costa
Rica, Guatemala, and El Salvador, the effect of the social dis-
tancing measures can be clearly seen beginning on 16 March,
as a notable drop in seismic noise (displacement). At the sta-
tion in Managua, Nicaragua, where no important measures
were adopted to limit urban mobility and economic activi-
ties, there is no change in the seismic record (Figs. 2d, 3d).
In Costa Rica, Guatemala, and El Salvador, the seismologi-

https://doi.org/10.5194/se-12-2127-2021



M. Arroyo-Solérzano et al.: COVID-19 lockdown effects on the seismic recordings in Central America

2131

(@) 24h
18h 180 £
San José, i =
. e . 5 v - E
Costa Rica 12h gi 1 BERES 100 2
o Q
TC.SJS1 on B IR 3
20 &
Oh | Lockdown date a
(b) 2%1 9-11 2020-03 2020-07 2020-11
24
Guatemala 18h 90 £
City, 50 &
Guatemala H i £
Q
=]
GL.GCG4 6n i 0 %
0h 2
( ) 2019-11 2020-11
Y 24h
. 18h 100 E
La Libertad, T T =
El Salvador 12 h ji s F S o0 2
SV.CEDA § E
6h 0 %
0h |Lockdown date [a)]
(d) 2019-11 2020-03 2020-07 2020-11
24h
40 g
18h ek =t
Managua, SRERE | EESRERRS RN BEERERiRERERRIRRECERE IRRE £
Nicaragua 12h{i i Tl S }’-:Ii R R I_E 5 e 25 “E’
o 18 O - i 15}
NU.MGAN on L EEEEREE S | R 8
0 &z
Oh |Lockdown date A
2019-11 2020-03 2020-07 2020-11

Figure 2. High-frequency seismic anthropogenic noise displacement (HFSAND-RMS) evolution near the capitals of the countries studied,
shown using an hourly grid representation: (a) TC.SJS1 station in San José, Costa Rica; (b) GI.GCG4 station in Guatemala City, Guatemala;
(c) SV.CEDA station, near San Salvador in the city of La Libertad; and (d) NU.MGAN station in Managua, Nicaragua. Gaps correspond
to periods for which seismic data were unavailable, and the vertical red lines indicate the time when the first lockdown measures started in
Central America. The numbers 1, 2, and 3 show the New Year holidays of 2019, Easter of 2020, and a brief period in July 2020 when a strict
return of lockdown measures was implemented in Costa Rica, respectively.

cal stations show that the measures of social distancing pro-
duced a decrease in the seismic noise levels similar to those
observed in the 2019 New Year holidays.

For the TC.SJS1 station in San José, Costa Rica (Figs. 2a,
3a), the displacement during a typical working day before the
lockdown used to be up to 200 nm, whereas during the so-
cial distancing measures, these values decreased to 140 nm
on average. In the case of the GI.GCG#4 station in Guatemala
City (Figs. 2b, 3b), the usual displacement before the lock-
down was 100 nm on average, and during social distanc-
ing measures, these values decreased to 80 nm on average.
At the SV.CEDA station, near San Salvador (Figs. 2c, 3c),
the usual displacement before the lockdown was on average
about 120 nm, whereas these values decreased to 80 nm on
average during the lockdown.

The lower displacement values tended to return to their
usual average values as the restrictive measures were pro-
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gressively eliminated. Even so, the values had not yet re-
turned to their usual pre-pandemic levels by November 2020,
when the average values were ~ 160nm for San José,
~85nm for Guatemala City, and ~ 110nm near San Sal-
vador. This shows that some of the social distancing mea-
sures were still in place during November 2020 (Table A1)
or that other factors were affecting the station environment
(permanent or long-term activity loss, e.g., company shut-
down) (Figs. 2, 3). However, the levels were closer to their
usual averages at La Libertad near San Salvador. The most
drastic effect of the limitation on the mobility of inhabitants
was observed during Easter in April of 2020: values observed
for this period were ~60nm in San José and ~50nm in
Guatemala City and near San Salvador.

In the case of the NUMGAN station in Managua,
Nicaragua (Figs. 2d, 3d), the registered displacement val-
ues have remained constant before and during the pandemic,

Solid Earth, 12, 2127-2144, 2021
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Figure 3. High-frequency seismic anthropogenic noise displace-
ment (HFSAND-RMS) evolution at the seismic stations near the
capitals of the countries studied: (a) TC.SJS1 station in San José,
Costa Rica; (b) GI.GCG4 station in Guatemala City, Guatemala;
(¢) SV.CEDA station, near San Salvador in the city of La Liber-
tad; and (d) NU.MGAN station in Managua, Nicaragua. The blue
line corresponds to the RMS amplitude time series of the verti-
cal component, filtered between 4 and 14 Hz, and the orange line
corresponds to median daytime, between 06:00 and 16:00 LT (local
time). Gaps correspond to periods for which seismic data were un-
available, and the vertical red lines indicate the time when the first
lockdown measures started in Central America. The numbers 1, 2,
and 3, show the New Year holidays of 2019, Easter of 2020, and a
brief period in July 2020 when a strict return of lockdown measures
was implemented in Costa Rica, respectively.

without any variation with respect to the usual displacement
records of this station (40 nm). It is a low-noise site compared
with the other capitals because it has particular conditions
that favor its isolation from environmental noise.

Results for the Costa Rican stations of TC.BELE,
TC.ERIA, and TC.ZEDO are presented in Fig. 4a, and re-
sults for the Guatemalan stations of GIL.LHUEH, GI.RETA,

Solid Earth, 12, 2127-2144, 2021
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Figure 4. High-frequency seismic anthropogenic noise displace-
ment (HFSAND-RMS) evolution for specific sites in Costa
Rica and Guatemala, shown using an hourly grid representation:
(a) TC.BELE (central Costa Rica, near Juan Santamaria Interna-
tional Airport), TC.ERIA (northern Costa Rica, urban area), and
TC.ZEDO (southern Costa Rica, urban area); (b) GLHUEH (north-
west of Guatemala, urban area), GI.LRETA (southwest of Guatemala,
urban area), and GI.CHIE (east of Guatemala, urban area). The gaps
correspond to the time periods for which seismic data were unavail-
able, and the vertical red lines indicate the time when the first lock-
down measures started in Central America. The numbers 1 and 2
show the New Year holidays of 2019 and Easter of 2020, respec-
tively.

and GI.CHIE are shown in Fig. 4b. All of these stations
also show a decrease in displacement RMS since the ap-
plication of lockdown measures. However, this reduction, as
well as the pattern of the displacement RMS time series, is
very specific to each station. For Costa Rica (Fig. 4a), the
largest percentage difference in the station record is found
in the TC.BELE station, located near (~ 3 km) the country’s
main airport and in the “Greater Metropolitan Area” (GAM)
(Fig. 1). This station varied from ~ 40 nm before lockdown
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to ~20nm during the lockdown measures. For Guatemala
(Fig. 4b), similar behavior was observed at the GI.RETA sta-
tion, towards the western part of the country, which is one of
the most touristic regions. This station varied from ~ 100 nm
before lockdown to ~ 50 nm during the lockdown measures.

In addition, the daily variation in the average seismic noise
per weekday before and during the pandemic was inspected
for the TC.SJS1 station in Costa Rica (Fig. 5a) and for the
GLRETA station in Guatemala (Fig. 5b). At both stations,
the typical pattern of the HFSAND-RMS is also shown, with
minimums on weekends and at night, and maximums during
the week and at daytime (Fig. 5). This is also highlighted dur-
ing the lockdown due to the measures adopted by each coun-
try (Table Al). Costa Rica, despite not imposing a curfew,
established vehicular restrictions from 19:00 to 05:00 LT at
its most strict stage. This is highlighted at the TC.SJS1 sta-
tion, which shows a great decrease in the HFSAND-RMS
during these hours (Fig. 5a). For Guatemala, the GI.RETA
station clearly shows the effect of the curfew (imposed from
17:00 to 05:00 LT) in its most restrictive stage (Fig. 5b).

The percentage HFSAND-RMS decrease was determined
for the 10 stations analyzed here, in the same frequency band
(4-14 Hz). Figure 6a shows the change obtained for the sta-
tions in Guatemala and El Salvador, and Fig. 6b shows the
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percentage obtained for the stations in Nicaragua and Costa
Rica. Four categories of seismic noise reduction were iden-
tified: very high (36 %—49 %), high (26 %-35 %), intermedi-
ate (16 %—-25 %), and low (6 %—15 %). The most outstand-
ing seismic noise reduction (very high) due to the lockdown
measures was obtained at the GI.LRETA and TC.BELE sta-
tions. These values are explained by the site characteristics
described above: strong sources of noise at stations close to
major cities, highways, and high-traffic airports. The stations
that showed a high decrease were GI.GCG4, SV.CEDA, and
TC.SJS1. These changes are closely related to the locations
of these sites with respect to the populated capital cities of
San José and Guatemala City and to the Pan-American High-
way near San Salvador (Fig. 1). Intermediate decrease values
were identified at the GL.HUEH, GI.CHIE, and TC.ERIA sta-
tions. In this case, these values are associated with cities with
alower population density (Fig. 1) but significant activity and
proximity to touristic airports, such as Liberia, in northwest-
ern Costa Rica. Finally, low changes were identified at the
NU.MGAN and TC.ZEDO stations. In Managua, this is due
to the lack of social distancing measures. In the case of Pérez
Zeledon (Costa Rica), it could be related to a lower popula-
tion density, a station site building that is more isolated from

Solid Earth, 12, 2127-2144, 2021
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Figure 6. Percent change in the high-frequency seismic anthro-
pogenic noise displacement (HFSAND-RMS) in the 4-14 Hz band
during the period from 15 January to 15 March 2020 (before lock-
down measures) with respect to the time interval from 16 March to
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cent change in the seismic stations of Guatemala and El Salvador.
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population and environment dynamics, or the lack of compli-
ance with lockdown measures.

3.2 Possible effects of the lockdown in earthquake
detection and felt reports

There were no significant earthquakes in Costa Rica and
Guatemala during the time this study was conducted. Before
lockdown, the biggest earthquakes in Costa Rica had a My,
of 5.6 on 21 January 2020, and the biggest earthquakes in
Guatemala had a M, of 6.2 on 19 November 2019. During
lockdown, the largest events were a My, 5.5 earthquake on
15 April 2020 in Costa Rica and a M, 5.7 on 26 March 2020
in Guatemala. All of these events were offshore earthquakes
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related to the interplate seismogenic zone. We conclude that
the seismic rates during the time periods considered in this
work were not affected by any specific large event. In Ta-
ble 1, we summarize the main observations when comparing
the earthquake detections and felt reports from the time be-
fore and the time during the lockdown for Costa Rica and
Guatemala.

3.2.1 Costa Rica

Since 2018, the RSN network consists of around 160 sites,
qualifying as a robust network with a high capacity for de-
tecting low-magnitude earthquakes (Linkimer et al., 2018).
Figure 7 shows the comparison of the number of seismic
events recorded by the RSN and the reports of earthquakes
felt before and during the lockdown measures.

Figure 7a shows the number of earthquakes on the verti-
cal axis, and the range of magnitude on the horizontal axis,
grouped in intervals of 0.5, from M, 2.0 to 5.5. The graph
shows that there is no increase in the capacity to detect earth-
quakes during the lockdown measures, and it even seems that
more seismicity was detected in the period before lockdown,
possibly due to higher seismic productivity in that period.
The M, shows that the impact of the lockdown measures on
the detected earthquakes is not significant, as M. varies from
2.9 before to 3.0 during lockdown (Fig. 8a, b). Moreover,
the a and b values obtained were very consistent and simi-
lar to recent studies for Costa Rica (i.e., Arroyo-Solérzano
and Linkimer, 2021). The a value decreased slightly during
the lockdown from 3.62 to 3.56 (Fig. 8a, b), showing a gen-
eral decrease in the seismic rate. On the other hand, the in-
crease in the b value from 0.76 to 0.77 (Fig. 8a, b) could be
explained as an increment in the number of low-magnitude
earthquakes compared with the number of higher-magnitude
events. This b value could support the idea that more low-
magnitude earthquakes were detected during the lockdown
period (Table 1). However, as can be seen, the variations are
too small to allow for such a strong conclusion; therefore, this
requires extra seismic noise analyses or specific site noise
characterization. The observed variations could also be ex-
plained by other contributing factors or could even be ran-
dom coincidence.

In Fig. 7b, we show the average number of P-wave phases
per earthquake for earthquakes with M < 4.0. Although the
difference in the number of P-wave arrivals before and dur-
ing the pandemic is not too high (between 1 and 5 picks for
magnitudes between 1.8 and 4.0), the values are consistently
higher (on average ~ 20 %) during the pandemic, especially
for the lower magnitudes (M < 3.5). This additional obser-
vation also favors the idea that the decrease in the HFSAND-
RMS during lockdown may have had an effect on the earth-
quake detection capability of the RSN (Table 1).

Figure 7c shows the number of felt earthquakes reported
through social networks or telephone calls with respect to
an My, range from 2.0 to 5.5. This graph shows that there
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Table 1. Summary of observations when comparing the earthquake detections and felt reports from the time before the lockdown (BL) and
the time during lockdown (DL) for Costa Rica and Guatemala (see also Figs. 7, 8, 9, 10, and A2). The observations that favor an increase in
lower-magnitude earthquakes (LM) are marked.

Observations Costa Rica ‘ Guatemala
M <35 M=>35 | M <35 M>35
Number of detected earthquakes Slight decrease No change Slight increase (LM) Increase
Number of picked phases ~20 % increase (LM)  Slight increase | ~40 % increase (LM) No change
Number of felt earthquakes Increase (LM) Decrease No change Increase
Number of felt earthquake reports ~ No change Increase -
M. Slight increase Slight increase
a value Slight decrease Increase (LM)
b value Slight increase (LM) Slight increase (LM)
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Figure 7. Event detection and felt earthquakes reported in Costa Rica before (1 November 2019-15 March 2020) and during (16 March—
31 July 2020) lockdown (LD) measures. (a) The number of detected earthquakes. (b) Earthquake magnitude versus the average number of
P-wave picks per My, for the events with My, < 4.0, and the corresponding linear fits. The inset graph shows the average difference in the
number of picks for magnitude bins for the time periods before (BL) and during (DL) the lockdown. (¢) Number of felt earthquakes in Costa
Rica. (d) Magnitude versus the number of reports from the population through the RSN application for smartphones “;Lo sentiste?” for
events with My, < 5.0, and the corresponding linear fits.
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method.

were a greater number of earthquakes with M, > 3.5 re-
ported as felt before the lockdown measures, but during the
confinement, a greater number of reports for low-magnitude
earthquakes (M < 3.5) were collected (Table 1). In addi-
tion, based on reports through the RSN application (Lo sen-
tiste?, we present the average number of reports for M < 5.0
by magnitude intervals (Fig. 7d). The trend lines Fig. 7d
show how the application ;Lo sentiste? collected, on aver-
age, more felt reports for M < 5.0 during the lockdown mea-
sures. These figures suggest a greater sensitivity of the pop-
ulation to low-magnitude earthquakes, possibly because in-
creased time at home, the implementation of home office,
and restrictions on mobility allowed people to perceive more
events and subsequently report them to seismic agencies (Ta-
ble 1).

Figure 9 shows the geographical distribution of felt events
reported by the RSN (Fig. 7¢) before (1 November 2019-
15 March 2020) and during (16 March-31 July 2020) lock-
down measures in Costa Rica. Even though the number of
earthquake reports was higher before (99) than during (74)
the lockdown measures, the percentage of low-magnitude

Solid Earth, 12, 2127-2144, 2021

(M < 3.5) felt earthquakes was clearly higher (46 %) during
the lockdown than before it (only 27 %). These numbers sug-
gest that the quiescence of the environment could be an im-
portant contributing factor to more small earthquakes being
reported (Table 1). Another aspect is that there were a greater
number of higher-magnitude earthquakes (M > 4.5) before
the lockdown (20) than during it (11), and these events were
located onshore and closer to population centers (Fig. 9).
We also checked the correlation between felt events (be-
fore and during lockdown) and the decrease in the HFSAND-
RMS of the four seismic stations analyzed in Costa Rica.
A correlation seems to exist in three of them, with two lo-
cated in the metropolitan area of central Costa Rica (TC.SJS1
and TC.BELE) and the other in an urban area in southeast-
ern Costa Rica (TC.ZEDO). There were 25 felt earthquakes
for central Costa Rica before the lockdown, and 17 of them
had a low magnitude (M < 3.5). These numbers are lower
than those during lockdown, when there were 36 felt earth-
quakes, including 28 of low magnitude (Fig. 9). For south-
eastern Costa Rica, near the Pérez Zeledon urban area (TC
ZEDO), only five felt earthquakes were reported before the

https://doi.org/10.5194/se-12-2127-2021
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lockdown, all of them with M > 3.5, but during lockdown,
seven events were reported as felt, with four of them of low
magnitude (Fig. 9, Table 1). These observations again sug-
gest an increase in felt reports from small earthquakes in
these regions. These felt events, as expected, were more often
perceived during the nighttime hours, from 18:00 to 06:00 LT
(Fig. 9).

3.2.2 Guatemala

The INSIVUMEH seismic network is still under develop-
ment. This network consists of 24 seismic stations, most
of them GURALP broadband sensors, with some installed
inside the main military detachments or national airports,
whereas others are installed in the main tourist cities of the
country. For this reason, these stations can reach high lev-
els of seismic noise, which is why detecting low-magnitude
earthquakes under pre-pandemic conditions was challenging.

In Fig. 10a, we present a comparison of the statistics be-
fore and during the lockdown measures. Similar to Costa
Rica, this graph shows that a higher number of events was
recorded for Guatemala during the lockdown measures (Ta-
ble 1). However, the analyses of other seismic parameters
are not conclusive: M, varies only slightly from 3.7 to 3.8
from before to during the lockdown, which does not imply a
significant increase in earthquake detection (Fig. 8c, d); how-
ever, the a and b values seem to suggest an increment in low-
magnitude earthquakes, changing from 4.43 to 4.63 for the
a value and from 0.87 to 0.91 for the b value (Fig. 8c, d), for
the periods of before and during the lockdown.

https://doi.org/10.5194/se-12-2127-2021

In Guatemala, the average number of seismic phases per
event of the same magnitude clearly increases for magnitudes
lower than 3.0 during the lockdown (on average ~ 40 %)
(Fig. 10b). Hence, the possible effect of the lower levels of
seismic noise on the detection of more low-magnitude earth-
quakes could be stronger in Guatemala than in Costa Rica
(Table 1). This may be related to the much lower seismic sta-
tion density of Guatemala. Furthermore, it should be noted
that the lockdown measures implemented by the Guatemalan
government were more drastic than in Costa Rica. Moreover,
the number of felt events reported by the population again
shows the interesting trend of a general increase during the
lockdown period, but in the case of Guatemala, this is visible
for M > 3.5 (Fig. 10c, Table 1).

Figure 11 shows the distribution of the felt earthquakes
reported to INSIVUMEH (Fig. 10c) before and during the
lockdown. Before the lockdown, a total of 34 seismic felt
events were reported, whereas that number increased to 47
during lockdown. The earthquake magnitudes were higher
before lockdown (Fig. 11a), with 21 earthquakes above
M 4.5 (62 % of the total felt events in this period), than dur-
ing lockdown (Fig. 11b), with 19 earthquakes above M 4.5
(40 % of the total felt events in this period). Hence, during the
lockdown, there were more felt earthquakes of lower magni-
tude (M < 4.5), including three earthquakes below M 3.5,
in contrast to just one before the lockdown. Once more, this
trend suggests a correlation between the quiescence of the
environment and an increment in low-magnitude felt events
during the lockdown (Table 1). These felt events, as expected,
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were more often perceived during the nighttime hours, from
18:00 to 06:00 LT (Fig. 11).

Finally, from the spatial distribution of felt earthquakes
during lockdown, we observed that, unlike the pre-pandemic
period, more events originated onshore and mainly close
to populated areas, such as Guatemala City and Huehuete-
nango. These are epicentral locations near two of the seismic
stations for which the decrease in the HFSAND-RMS was
observed: GI.GCG4 and GI.HUEH. In a seismic network un-
der development like the INSIVUMEH, with fewer stations,
a high percentage of the low-magnitude seismicity is likely
not detected due to ambient noise, but the observations pro-
vided above seem to support the idea that the lockdown mea-
sures have caused an improvement in the detection capacity
of this network.

4 Conclusions

An important decrease in the high-frequency seismic noise
was detected at stations in three Central American coun-
tries during the lockdown measures adopted to prevent the
spread of COVID-19. In Costa Rica, Guatemala, and El Sal-
vador, the social distancing measures produced seismic noise
levels comparable to those observed during the New Year
holidays in previous years. The displacement observed de-
creased from 200 to 140 nm in San José, from 100 to 80 nm
in Guatemala City, and from 120 to 80 nm in the city of La
Libertad near San Salvador. In Nicaragua, which had very
few measures in place, there were no effects on the seismic
noise levels of the station analyzed, although this station also
happens to be a quiet site (40 nm).

The decrease in the high-frequency seismic anthropogenic
noise displacement is strongly dependent on the location of
the station and on the lockdown measures. Four categories
of seismic noise reduction were identified (very high, high,
intermediate, and low), and significant (~ 50 %) decreases in
seismic noise were observed at stations near airports, busy
roads, and densely populated cities. The greatest impact on
the noise levels started on 16 March and was specifically re-
lated to the closure of educational centers and nonessential
stores, the curfew from 17:00 to 05:00 LT in Guatemala, and
the restriction on vehicular mobility from 19:00 to 05:00 LT
in Costa Rica. The most drastic effect of the limitation on
the mobility of the inhabitants was observed during Easter
in April of 2020, when the values observed were as low as
~ 60 nm in San José and ~ 50 nm in Guatemala City and near
San Salvador.

We suggest that the lower seismic noise levels in Costa
Rica allowed for the detection of a higher number of seis-
mic phases (~20% more per magnitude) and, therefore,
the location of more small earthquakes than usual; more
low-magnitude earthquakes (M < 3.5) were also reported as
felt. Similarly, in Guatemala, where the seismic network is
still under development, we suggest a similar effect with
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Figure 11. Map of felt earthquakes reported in Guatemala (a) before lockdown measures (1 November 2019—-15 March 2020) and (b) during

lockdown measures (16 March-31 July 2020).

a ~40% increase in the phase picking amount for low-
magnitude events and the detection of a higher number of
low-magnitude earthquakes (< 2.5) than before the lock-
down. In addition, there were more felt reports during lock-
down in both countries, mainly in the urban areas of cen-
tral and southeastern Costa Rica, and in Guatemala City and
Huehuetenango. Although we present some evidence that
links the reduction in seismic noise and the increase in earth-
quake detections and felt reports, the variations in the mag-
nitude of completeness and the a and b values are not sig-
nificant enough before and during the lockdown to confirm
causality or to discriminate other possible contributing fac-
tors.

https://doi.org/10.5194/se-12-2127-2021

Finally, we suggest that there could be a connection be-
tween the lockdown measures and the number of felt re-
ports for smaller earthquakes (M < 3.5) in Costa Rica and
Guatemala. This possible effect may have been induced by
a more quiescence environment: people spending more time
at home and the implementation of home office might have
stimulated a higher sensitivity to feel low-magnitude earth-
quakes and to subsequently report them to the seismic agen-
cies. This work demonstrates that seismic networks can mon-
itor population mobility and can, consequently, be used to
verify compliance with lockdown measures and to explore
the consequences of reducing seismic noise in earthquake de-
tection and felt reports.

Solid Earth, 12, 2127-2144, 2021



2140 M. Arroyo-Solérzano et al.: COVID-19 lockdown effects on the seismic recordings in Central America

Appendix A

iy (b)
0 :(1
; .
na i Huehuetenango
: AL oanz
LGLGCGA™ a8
Santa Catarin: i =2 £
Pinula £
z N ?
0 2500 m o, [ 0 1000 m
- o
i  — | ] ! d
I 0 8euce
© =
5 Retahules 3 :
% f‘g
o & -
s s
Ccacén
iGI.RETA' it
P& 2\,
P 4 0 1000 m ; 0 1000 m
& . > —_—

© T D ®

e
) S
73] ”
YN e e T O e I -
G, i Grérada i o
0 1000 m 0 2500 m
: L
g 4 # i,
- UL agta oe pidcane ( ) ’m,,,%
oo
Guadalupe T ¢
"TC.SJST % s
iAo o 2 -
Rt : 2
= San José Saiimd |\SGHP;(‘5.‘ Grariadilla
{iospital i 0 et
N i St ieal e AN Corieapcion
2ape »,vyz. i, N
PR Curridab. () 2500 m S
San'Sebastian : . |
fv +i - g Dos Rias Tirrases. | E———

[.) B8Fio Los Reyes

et g %, 7

@

Figure Al. Images from Open Street Maps of the site areas where the seismic stations (orange triangles) used in this work are located.
© OpenStreetMap contributors 2020. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

Solid Earth, 12, 2127-2144, 2021 https://doi.org/10.5194/se-12-2127-2021



M. Arroyo-Solérzano et al.: COVID-19 lockdown effects on the seismic recordings in Central America

2141

Table Al. Main mobility lockdown measures in Costa Rica, Guatemala, and El Salvador between March and October 2020 during the
COVID-19 pandemic according to the “Sistema de Integracion Centroamericana” (SICA) (2020). Nicaragua did not establish lockdown
measures with respect to social mobility. On March 18, the first positive case of COVID-19 was found in Nicaragua.

Month

Costa Rica

Guatemala

El Salvador

March
2020

Day 6 — the first positive case of
COVID-19 is detected.

Day 9 — the National Emergency Com-
mission (CNE) and the Ministry of
Health declare a yellow health alert.
Day 12 — schools at risk are closed;
there is a 50 % reduction in capacity of
meeting spaces; trips abroad for public
employees are suspended.

Day 16 — a state of national emergency
is declared.

Day 17 — public and private educational
centers are closed; nonessential stores
are closed; mass events are prohibited
and there is total closure of beaches
throughout the country.

Day 24 — vehicle mobility is restricted
from 22:00 to 05:00 LT.

Day 6 —ared alert is extended to the en-
tire country after the first positive case
of COVID-19 is detected.

Day 16 — classes are suspended and the
borders with El Salvador are closed.
Day 17 — there is an interruption of
work activities in the public and pri-
vate sectors; the suspension of public
transport; the prohibition of meetings of
any kind, including religious and sport
activities; shopping centers are closed;
and the total closure of air and land bor-
ders is implemented.

Day 11 — there is an interruption of ed-
ucational activities.

Day 16 — there is a discontinuation of
public and sport shows; bars, gyms, and
nonessential shops are closed.

Day 17 — El Salvador International Air-
port suspends operations.

Day 18 — first positive case of COVID-
19 is detected.

Day 22 - mandatory 30d quarantine
is implemented, and there is a ban on
crowds.

April
2020

Day 1 — during Easter, daytime vehi-
cle restrictions are in place from 05:00
to 17:00 LT; vehicular traffic is only al-
lowed 1d per week according to the li-
cense plate number in order to make es-
sential purchases.

Day 11 — nighttime vehicle restrictions
are established from 19:00 to 05:00 LT
until 15 May.

Day 1 — greater air monitoring is under-
taken at the borders.

Day 9 — a break in school lessons is im-
plemented for the whole month.

Day 3 — movement restrictions are put
in place regarding the use of beaches,
rivers, lakes, spas, or tourist centers in
the country.

Day 13 — the entire population is con-
fined to their homes as part of a com-
pulsory lockdown, which was extended
until 28 April.

May
2020

Day 1 — all public spaces and shops are
allowed to operate at 50 % capacity, and
there is a gradual reactivation of work
centers from 05:00 to 19:00 LT.

Day 16 — vehicle restrictions are main-
tained from 05:00 to 19:00LT; hotels
are reopened at 50 % capacity; some na-
tional parks are opened (50 %); beaches
are open Monday to Friday from 05:00
to 08:00LT.

Day 4 — shopping malls with few stores
are reopened; activities, public trans-
port, and classes are suspended; there is
a curfew from 18:00 to 04:00 LT; transit
between territorial departments is pro-
hibited.

Day 14 — markets can open Mon-
day, Wednesday, and Thursday from
06:00 to 13:00LT; supermarkets and
convenience stores can open Monday,
Wednesday, and Thursday from 09:00
to 16:00LT; the country is “closed”,
and a total restriction on mobility is en-
forced.

Day 25 — a curfew is enforced from
17:00 to 05:00LT with vehicle restric-
tions between territorial departments;
total closure of the country is in place.

Day 7 — there is a restriction on mo-
bility between municipalities, although
people can circulate according to their
occupation.

Day 10 — public transport may only op-
erate to mobilize duly identified health
personnel.

June
2020

Day 1 — tourist transport is enabled with
restrictions and special measures, and
gyms, restaurants, and museums may
operate at 50 % capacity.

Day 20 — access to beaches is allowed
from 05:00 to 09:30 LT.

Day 26 — the mandatory use of masks is
established.

Day 15 — vehicular movement is al-
lowed according to the last digit of the
car number plate within territorial de-
partments.

Day 16 — mobility is restricted accord-
ing to the last number of people’s iden-
tity document.
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Table A1. Continued.
Month Costa Rica Guatemala El Salvador
July Day 3 — public parks, bars, and massive Day 13 — a curfew is established Day 6 — strict lockdown restrictions are
2020 events are closed. from Monday to Friday from 18:00 to extended for 15d due to the increase
Day 11 — vehicle restrictions are in  05:00LT and Saturdays from 14:00 to in COVID-19 infections and resulting
place for the whole country from 05:00  05:00LT. deaths.
to 17:00LT according to license plate  Day 26 — vehicle restrictions by license ~ Day 29 — a new phase of economic re-
number. plate are eliminated, and the curfew is  opening begins.
Day 14 — the capacity of public trans- changed to 21:00 to 04:00 LT.
port is increased from 20 % to 50 % for
routes shorter than 75 km.
Day 20 - vehicle restrictions are in
place from 17:00 to 05:00 LT according
to license plates, although only in “or-
ange alert” areas.
August Day 1 — commercial flights with limited ~ Day 24 —religious activities are reestab- Day 9 — personal clusters are estab-
2020 routes from Europe resume. lished with a maximum time spanof 1h  lished with groups not exceeding 10
Day 31 — Costa Ricans who return to  and a limited number of attendees. people.
the country do not have to quarantine; Day 26 — the La Aurora Zoo is re- Day 24 — beginning of the “transitory
new vehicle restrictions are enforced for ~ opened. phase” in the process of the gradual re-
weekdays (05:00-22:00LT) and week- activation of the economy.
ends (05:00-20:00 LT).
September Day 9 — activities that involve massive ~ Day 6 — public servants resume work Day 1 — the start of a new phase of
2020 movements of people are temporarily  from 07:00 to 15:00LT. economic reopening begins, which in-
suspended; there is a controlled open- Day 18 — the international airport re-  cludes public transportation and most of
ing of economic activities. opens; entry to the country is restricted  economic activities.
to those who present a negative PCR
test.
Day 28 — vehicle restrictions are en-
forced from 09:00 to 16:00 LT; the sale
of alcohol is prohibited between 19:00
and 05:00 LT.
October Day 1 — the borders are reopened for Day 1 — higher education centers and Day 3 — cultural spaces reopen; sta-
2020 travelers from California, Ohio, Mex- technical training centers reopen. diums open and public shows resume

ico, and Jamaica.

Day 15 — flights from Central America
resume.

Day 26 — foreign travelers are not re-
quired to present a negative COVID
test.

Day 27 — citizens receive permission to
use outdoor spaces for recreation.

Day 7 — hotel and tourism workers are
allowed to hold events with a restricted
capacity.

with social distancing (2m); beaches
may be used during restricted hours;
museums, cinemas, and hotels reopen
at 50 % capacity; in general, the public
sector returns to work.

Table A2. Questions on the RSN module “; Lo sentiste?” (Linkimer and Arroyo, 2020).

Number  Question

Did you feel it?

What were you doing?
‘Where were you?

Did others nearby feel it?

How did you react?

00NN AW~

How would you describe the shaking?

Was it difficult to stand and/or walk?
Did light objects move or fall from the shelves?

O

Did pictures on walls move or get knocked askew?

Did the furniture overturn or fall?

Was there any damage to the buildings?

Additional comments on effects in nature, such as landslides, cracks in the ground, among others?

——
N - O
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