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Abstract
The 2020 COVID-19 pandemic caused a human and economic impact of unprece-
dented magnitude in contemporary history. In an effort to reduce the rate of infec-
tion, most governments implemented measures to increase social distancing and to
strengthen the capacity of the healthcare system. The occurrence of earthquakes
coincident with the pandemic may prevent the effective practice of such measures,
and consequently cause an increase in the virus spread. This study analyzes the
potential impact that seismic events may have on the infection rate within regions
afflicted by both epidemics and earthquakes and explores open software packages
that can be employed to simulate the impact of future destructive earthquakes on
the spread of an emerging virus. Recent data on the number of confirmed cases at
the national or subnational level were combined with a global seismic hazard and risk
map to produce a combined index. This index highlights regions where preparedness
and contingency plans should be developed to account for the possibility of COVID-
19 outbreaks due to the earthquake impact.
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Introduction

The 2020 COVID-19 pandemic has overwhelmed the healthcare system and emergency
response capacity of several countries. In an attempt to reduce the number of new infec-
tions, several safety measures have been imposed by governmental authorities (the so-
called ‘‘flattening the curve’’). Such measures included the closure of public places, restric-
tions on gathering size, and the creation of dedicated COVID-19 routes at healthcare facil-
ities. An evaluation of government responses to the COVID-19 at the global scale was
performed by Hale et al. (2020). In regions where such measures were endorsed early and
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effectively, there was a reduction in the number of daily confirmed cases (e.g. Gatto et al.,
2020; Maier and Brockmann, 2020), thus allowing the healthcare system to better cope
with this crisis. Despite the positive impact of such measures, the situation remains precar-
ious in several parts of the world, and the occurrence of a sudden shock (such as an earth-
quake) in addition to the ongoing strain that COVID-19 presents could bring an otherwise
stable emergency response past its coping capacity, causing an increase in the infection
rates and associated mortality. For example, after imposing strict measures to reduce the
potential spread of the virus, the government of Vanuatu decided to lift social distancing
measures to allow the population to escape the devastation caused by the Category 5
Tropical Cyclone Harold. Fortunately, the country had no reported cases

1

prior to the
cyclone, and thus the lifting of these measures seemingly had no adverse impact.

A similar situation can be envisaged for regions affected by destructive earthquakes,
which arrive without significant advance warning unlike many other natural hazards. The
damage caused by seismic events on the residential building stock often requires housing
hundreds or thousands of inhabitants in temporary shelters. The 2009 M6.3L’Aquila
earthquake damaged more than 35,000 buildings, and left over 45,000 people homeless
(Dolce, 2010; Dolce and Di Bucci, 2015). Moreover, the need to treat the injured in the
aftermath of an earthquake could cause an excessive influx of people in healthcare facili-
ties and a temporary disregard for rigorous safety measures. In such conditions, social dis-
tancing might be impractical, and new clusters of virus spread may arise. It is thus
important to account for the possible occurrence of large natural hazards during the pan-
demic and develop response plans that consider both the constraints due to the pandemic
and the additional requirements caused by the natural hazard. As a response to this chal-
lenge, some governments have requested their civil protection authorities to create prepa-
redness and contingency plans. However, given the unprecedented situation caused by the
COVID-19 pandemic, empirical data regarding the impact that natural hazards might
have in the spread of the virus are limited, and consequently such plans might be ill-
informed.

In this context, it is convenient to analyze data regarding the possible rise in the daily
confirmed cases in regions recently struck by earthquakes and evaluate whether the data
provide any evidence of a correlation between seismic events and variations in the infec-
tion rates. Such an exercise also allows defining better protocols for data collection, which
can inform the development of preparedness plans. Moreover, in the absence of empirical
data, it is possible to explore analytical methodologies to simulate different scenarios of
earthquake magnitude and COVID-19 infection rates. This process has been followed for
decades for the development of post-earthquake response plans (e.g. Italy (DPC, 2018),
Turkey (Erdik and Durukal, 2008), Portugal (Mendes-Victor et al., 1994), United States
(Detweiler and Wein, 2017), Canada (AIR Worldwide, 2013)), and now it must be
expanded to incorporate the potential effects in the spread of an emerging virus.

In this study, data regarding the daily confirmed cases for regions recently struck by
damaging earthquakes (e.g. Turkey, Iran, Croatia) were collected at the smallest available
spatial and temporal resolution to evaluate the impact on the infection rate. Then, using an
open-source software package for seismic hazard and risk analysis, two distinct earthquake
scenarios were simulated for Portugal. The results regarding the displaced population (pre-
sumed to be more vulnerable to the virus) were used to estimate the potential increase in
the number of cases and fatalities, considering different infection rates. Finally, to identify
regions in the world where performing such simulations might be particularly important,
the most recent data concerning the number of confirmed cases at the national or
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subnational level were combined with global seismic hazard and risk maps (Pagani et al.,
2020; Silva et al., 2020) to produce a combined index. This index reflects directly areas with
significant seismic hazard and/or risk and prevalence of COVID-19 cases.

Impact of past earthquakes during epidemic outbreaks

Epidemic outbreaks following the occurrence of natural hazards are relatively common,
particularly in regions with poor sanitary conditions. In 1994, there was a plague outbreak
in Western India, three decades after the last case of plague was reported in the region. In
the previous year, there was a M6.3 earthquake in Latur that caused almost 10,000 fatal-
ities and widespread damage. Boire et al. (2013) hypothesized that the seismic event dis-
rupted previously stable ecosystems and forced rodent populations to leave their burrows
and come in closer contact with human settlements, ultimately leading to the epidemic. A
trend between destructive seismic events followed by plague outbreaks has been observed
for centuries (Tsiamis et al., 2013). Another example of an epidemic outbreak related to
earthquake occurrence was observed in 2010 in Haiti. Eight months after the disastrous
M7.0 Port-au-Prince earthquake that caused more than 200,000 fatalities, a cholera out-
break originated from human transmission. Due to the damage caused by the earthquake
on the sanitation system and the inadequate healthcare infrastructure already overwhelmed
by the injured, this epidemic infected over 650,000 people and caused more than 9000
fatalities.

In addition to the potential changes to ecosystems within the affected areas, natural
hazards can cause an accumulation of population in relatively small areas (i.e. crowding),
thus creating ideal conditions for the transmission of communicable diseases such as the
COVID-19 virus. Watson et al. (2007) summarizes some past examples in which infectious
diseases spread among the displaced population. In 1991, the eruption of Mount Pinatubo
led to an outbreak of measles that caused more than 18,000 cases among the displaced.
Clusters of measles were also reported in Indonesia and Pakistan following the 2004 M9.1
Sumatra and 2005 M7.6 Kashmir earthquakes, respectively. Among the population dis-
placed by these two seismic events, there were also cases and deaths from meningitis and
acute respiratory infections (World Health Organization (WHO), 2005, 2006).

For what concerns the impact of earthquakes in ongoing epidemics and other infectious
diseases, Suk et al. (2019) present some interesting findings. The authors reviewed 17 stud-
ies that reported on suspected or confirmed infectious disease outbreaks following earth-
quakes and floods in Europe. One of the studies investigated the incidence of infectious
diseases following the 2009 M6.3L’Aquila earthquake (Petrazzi et al., 2013) and concluded
that hospital admissions due to infectious diseases rose from 7.41% before the earthquake
to 27.18% in the 2 months after the event. The incidence of people with infectious diseases
not requiring hospitalization also rose from 12.04% to 27.29%. Another relevant case was
reviewed for the city of Lorca in Spain (Pérez-Martı́n et al., 2017), which was struck by a
M5.1 earthquake in 2011. There was an outbreak of chickenpox prior to the earthquake,
with 163 cases reported 8 weeks before the event. After the earthquake, 1424 people were
evacuated to a temporary shelter, and another 4 cases were detected leading to the declara-
tion of an outbreak. Despite the rapid implementation of a vaccination program, another
five cases were identified in the shelter.

At the time of writing of this study, there have been a number of damaging earthquakes
in regions with populations infected by COVID-19. The most relevant events include the
M6.7 Elazığ (Turkey) on 23 January, the M6.0 near Khoy (Iran) on 23 February, and the
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M5.3 Zagreb (Croatia) on 22 March. A key aspect for the evaluation of the impact of
these seismic events on the COVID-19 pandemic is undoubtedly how aggressively each
country is testing their population, and how the data are being released. Turkey reported
its first case in Istanbul on 11 March, almost 50 days after the M6.7 Elazığ earthquake,
thus no correlation can be observed. In Iran, the first case was reported in the city of Qom
on 19 February, a few days before the seismic event, which could mean that some cases
already existed in the west of the country where the earthquake struck. However, the sub-
national data indicate no COVID-19 cases prior to the seismic event in the province of
West Azerbaijan (where the epicenter of the event is located), and less than 40 cases were
reported in the 14 days after the event. It is thus reasonable to assume that even if the
impact caused by the seismic event could increase the transmissibility of the virus, there
were insufficient cases to trigger an outbreak.

In Croatia, the M5.3 Zagreb earthquake occurred 1 month after the first reported
COVID-19 case in the capital, and thus it is relevant to carefully analyze the damage
caused in the city and the evolution of the number of cases. This event damaged about
250 houses and 59 people required temporary shelters, while 1 person died and at least 27
suffered injuries (Quigley et al., 2020). Before the earthquake, 87 COVID-19 cases had
been reported in Zagreb, and 206 in the entire country according to the Croatian Institute
of Public Health.

2

In the following 2 weeks, 337 more cases were reported in Zagreb (the
region most affected by the earthquake). The daily new cases for Croatia at the subna-
tional level are presented in Figure 1.

The evolution of the virus spread in Croatia shows a significant increase in the daily
cases in the 2 weeks after the seismic event. Although it is plausible to presume that the
potential disruption in the safety measures due to the earthquake contributed to this rise,
there are other factors that could have played a role. For example, on 19 March (4 days
before the earthquake), the Croatian government imposed strict measures to reduce the
spread of the virus. Clearly such measures would not have been able to demonstrably flat-
ten the infection curve until after 2 weeks, which could explain the steep increase in this
period followed by a more constant number of daily new cases. Moreover, across Europe,
the number of tests per habitant increased significantly once the government declared a
national lockdown. This increase in the number of cases could also be explained by more
aggressive testing within the population during this time frame. Finally, shortly after the

Figure 1. Daily confirmed cases in Croatia by county according to the Croatian Institute of Public
Health.
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earthquake, the Croatian government issued directives to implement new safety measures
(Quigley et al., 2020). The M5.3 Zagreb earthquake is perhaps a positive example of how
rapid and effective action can prevent the increase in the transmissibility of the virus, as
opposed to a scenario in which a natural hazard led to new clusters of disease, as previ-
ously reported for India, Indonesia, and Pakistan in outbreaks prior to COVID-19. Other
events have also been considered for this evaluation, including the M5.7 Magna earth-
quake in Utah (18 March) and the earthquake swarm that affected the southern region of
Puerto Rico in the beginning of 2020. However, for the same reasons described above for
Iran, no significant increase in the number of COVID-19 cases was found.

For more information regarding the impact of other meteorological and geophysical
hazards during the 2020 COVID-19 pandemic, readers are referred to Quigley et al. (2020).

Simulation of potential COVID-19 spread due to seismic events

The simulation of earthquake and infection scenarios can provide relevant information to
support the development of preparedness and contingency plans. Such simulations have
been used for decades for the development of post-earthquake response plans (e.g. Erdik
and Durukal, 2008; Mendes-Victor et al., 1994), evaluation of temporary housing needs
(e.g. Anhorn and Khazai, 2014), and improvement of urban planning (e.g. Sengezer and
Kocx, 2005). The same knowledge can be expanded to the assessment of the potential effects
that an earthquake can cause in the infection rates, and consequently in the number of new
cases and fatalities. This process is demonstrated herein using two earthquake scenarios
for Portugal with distinct geographical and tectonic characteristics. Then, using the dis-
placed population estimates, several epidemiological simulations were performed consider-
ing different assumptions for the infection rates.

Description of the earthquake scenarios

Portugal has been the target of several past studies regarding the impact of specific earth-
quake scenarios (Mendes-Victor et al., 1994; Oliveira, 2004; Silva et al., 2015), which were
then used to support governmental authorities in the development of response plans. Due
to the concentration of population and moderate-to-high seismic hazard in the southwest
of the country, two earthquake scenarios are usually considered (Carvalho et al., 2008;
Oliveira, 2008): a moderate magnitude event onshore near the Metropolitan Area of
Lisbon, and a strong magnitude event offshore (located in a region presumed to have gen-
erated the 1755 Great Lisbon Earthquake, e.g. Sousa and Campos-Costa, 2009). The char-
acteristics of these two events are summarized in Table 1.

The distribution of the ground shaking generated by these events in the country was
computed using the OpenQuake-engine (Pagani et al., 2014). The ground motion predic-
tion equations (GMPEs) from Atkinson and Boore (2006) and Akkar and Bommer (2010)
were used in this process for the onshore and offshore events, respectively, as they allow

Table 1. Characteristics of the selected earthquake ruptures

Rupture Magnitude (Mw) Strike Dip Rake

Onshore 5.7 220� 55� 0�
Offshore 8.7 35� 40� 90�
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the consideration of site effects and compared well with instrumental and intensity obser-
vations for the country (Vilanova et al., 2012). The consideration of site effects was per-
formed using the site model described in Silva et al. (2014b).

Vulnerability, exposure, and COVID-19 data

For the estimation of the impact in terms of fatalities and population displaced by the
aforementioned earthquake scenarios, the fragility functions proposed by Martins and
Silva (2020) and the exposure model developed within the H2020 European SERA project
(Crowley et al., 2020) were employed.

The fragility functions were developed using an analytical approach. Each building
class was represented by a single-degree-of-freedom (SDoF) oscillator characterized by the
capacity spectrum relation (spectral displacement—Sd vs spectral acceleration—Sa). Then,
each oscillator was subjected to nonlinear dynamic analysis using a database of 3500
ground motion records that consider a range of magnitudes, distances, and tectonic envir-
onments (including stable and active shallow regions relevant to Portugal). After the non-
linear time history analysis, the response (in terms of spectral displacement) was classified
into four damage states: slight, moderate, extensive, and complete damage. For each dam-
age state, a fragility curve is fitted using the cloud analysis methodology proposed by
Jalayer et al. (2015). Additional information regarding the derivation process can be found
in Martins and Silva (2020), while the procedure used to employ these functions in the esti-
mation of fatalities and population displaced is described in the following section.

The exposure model was developed based on the latest national housing census, and it
includes information about the main construction material, lateral load resisting system,
number of stories, and date of construction (used herein as a proxy for the seismic design
level). The exposure model was defined at the third administrative level (i.e. parishes), and
the number of occupants per building was computed based on the average number of
dwellings per building class and the average number of occupants per dwelling. Additional
information concerning the exposure derivation procedure can be found in Crowley et al.
(2020). In addition to the information regarding the building stock, the estimation of the
increase in the COVID-19 cases and related fatalities required detailed data regarding
the number of confirmed cases, transmissibility factors, and mortality rates for Portugal.
In this study, the data released by the National General Health Directorate

3

and compiled
in a public GitHub

4

repository by the Data Science for Social Good
5

group were used.
Figure 2 presents the number of buildings (left) and number of confirmed COVID-19 cases
(right—as of 22 May 2020) for mainland Portugal. Both indicators are presented at the sec-
ond administrative level (e.g. county) for visual clarity. The boundaries of the five adminis-
trative regions (i.e. north, center, Lisbon and the Tagus Valley, Alentejo, and Algarve) that
have been used to communicate the spread of the COVID-19 virus in Portugal are also pre-
sented in this figure and will be used to illustrate the increase in the number of cases at the
subnational level due to the earthquake impact.

Estimation of fatalities and population displaced

The estimation of human impact caused by the two scenarios was performed using the sce-
nario damage calculator of the OpenQuake-engine (Silva et al., 2014a). In this process, the
previously described ground motion fields and the fragility and exposure models (described
in section ‘‘Vulnerability, exposure, and COVID-19 data’’) are combined to estimate the
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number of buildings in each damage state. This damage distribution can then be used to
estimate the number of injured and fatalities using a consequence model (e.g. Coburn and
Spence, 2002; Spence, 2007). For the purposes of this study, we have focused only on fatal-
ities and the population left homeless. However, we recognize that the number of injured is
also a relevant indicator to assess the impact of earthquakes during a pandemic. For the
former metric, it is necessary to estimate the portion of structural collapses from the
amount of buildings assigned to complete damage. For this step, we used the probabilities
of collapse given complete damage proposed by FEMA P58 (2012), which take into con-
sideration the type of construction and seismic design level. The number of fatalities is then
estimated by considering the number of occupants in collapsed buildings, using a fatality
rate. We adopted the rates proposed by Spence (2007), which accounts for the type of con-
struction and number of stories.

To estimate the population displaced, all buildings that had at least moderate damage
were presumed unable to be immediately occupied, and thus their occupants would have
to be moved to temporary housing or shelters. The 2009 M6.3L’Aquila earthquake in
Italy left about 45,000 people homeless. Half of the homeless were temporarily rehoused
in hotels on the Adriatic Sea coast of Abruzzo and the other half was accommodated in
171 shelters (Dolce, 2010). Regardless of the solution adopted by the displaced population,
it is evident that the exposure to the virus can increase. Figure 3 presents the mean number
of people left homeless at the county level for the two earthquake scenarios. For what con-
cerns human losses, the onshore and offshore scenarios caused a mean death toll of 292
and 1729, respectively. We note that due to the propagation of the epistemic and aleatory
uncertainty in the GMPEs and fragility functions, the damage distribution is characterized
by a probability distribution. The variability in the number of displaced population will be

Figure 2. Number of residential buildings (left) and confirmed COVID-19 cases (right—as of 22 May
2020) at the county level in Portugal.
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further propagated into the computation of the number of additional COVID-19 cases, as
further described in the following sections.

Definition of the COVID-19 spread cases

The pathogen transmissibility of epidemics is commonly characterized by the effective
reproduction number (Rt), which represents the average number of new infections caused
by a single infected individual at time t in the partially susceptible population (e.g.
Anderson and May, 1991). There are various methods to estimate the Rt factor (e.g.
Amundsen et al. 2004; Cintron-Arias et al., 2009; Riley et al., 2003), with varying levels of
complexity and reliability. In this study, we measured the Rt factor for Portugal and sub-
national regions using a well-established and simple method that assumes that the daily
incidence (i.e. number of new cases—It) can be approximated by a Poisson process, as
described by the following equation (e.g. Fraser, 2007):

It;Pois Rt

Xt

s = 0

It�sws

 !
ð1Þ

where ws represents the transmissibility profile of each infected case, and it depends only
on the time since infection. Although ws will depend on individual biological factors such
as pathogen shedding or symptoms severity (Cori et al., 2013), it can be reasonably
approximated to the serial interval (i.e. the time between the onset of symptoms in a

Figure 3. Displaced population at the country level for the M5.7 onshore (left) and M8.7 offshore
(right) earthquake scenarios.
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primary case and the onset of symptoms of secondary cases) assuming a Gamma distribu-
tion. We assumed a mean of 6.5 days and a standard deviation of 3.8 days based on the
revision of transmissibility cases in Wuhan (China) performed by Ferguson et al. (2020).
Under this assumption, an individual is most infectious at the 4th day of infection, and
after the 10th day, the transmissibility probability decreases to values below 5%. The num-
ber of cases for each day was extracted from the previously mentioned public GitHub

6

repository. Following this method, the median Rt factor (and associated percentiles) for
Portugal and three subnational regions was estimated, as presented in Figure 4. We pres-
ent only the Rt factor for the subnational regions (Lisbon and Tagus Valley, Alentejo, and
Algarve) which are expected to be affected by the earthquake scenarios described previ-
ously. The General Health Directorate indicated that the peak of the infection in Portugal
occurred sometime between 20 and 25 March.

Equation 1 can also be used to forecast the evolution of the number of incidences in a
given region using a Markov Chain Monte Carlo (MCMC) sampling method (e.g.
Nouvellet et al., 2018). In this process, the Rt factor is sampled from the joint posterior
distribution, and at each MCMC iteration, the new cases are incorporated in the sampling
process. This procedure allows propagating the uncertainty in Rt, as well as to incorporate
changes in the transmissibility due to the occurrence of external events (such as earth-
quakes) or the introduction of measures to reduce the infection ratio. As described in the
previous section, current data regarding the occurrence of natural hazards during the 2020
COVID-19 pandemic are scarce and statistically insufficient to properly evaluate how nat-
ural hazards might aggravate the transmissibility. Nonetheless, it is possible to explore the
limited data reflecting different stages of the pandemic to define plausible scenarios of

Figure 4. Effective reproduction number (Rt) for Portugal and subnational regions of Lisbon and the
Tagus Valley, Alentejo, and Algarve.
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infection for the displaced population. We have defined two plausible cases of transmissi-
bility as described below:

� Case A. This case represents an optimistic scenario in which the Rt factor slightly
increases after the seismic event, and then decreases at a rate similar to the one
observed for the associated region prior to the seismic event. We assumed a value
for Rt equal to the one registered 2 weeks after the declaration of the emergency
state in Portugal (i.e. Rt ; 2.5). The 2 weeks after this declaration represents a
period where despite the strict policy measures to curb the infection rate, some
equipment was still missing and the population was still adapting to the new direc-
tives. This scenario aims to reflect a situation in which some level of preparedness
from the emergency authorities exists, but the disruption caused by the seismic event
did not allow for the population to fully follow all of the directives adequately.

� Case B. This case represents a more pessimistic scenario where the Rt would increase
sharply after the seismic event. For this scenario, we assumed an increase of the Rt

factor to the value registered in Portugal during the peak of the infection (i.e. Rt ;

4.1, 20–25 March, as indicated by the General Health Directorate). This case repre-
sents a scenario in which the emergency authorities and the population are ill-pre-
pared, and the safety measures either do not exist or are unable to be properly
followed.

It is important to mention that these scenarios of infection were only applied to the dis-
placed population (i.e. people whose dwellings had at least moderate damage). This
hypothesis is supported by the findings from the previous section, which presented several
past cases of disease outbreaks among the population displaced. The propagation of the
virus among the remaining population was assumed to follow the trend registered in the
previous week. The number of new incidences is then expressed by the following equation:

It;Pois Rt

Xt

s = 0

It�sws3 1� Pdisp

� � !
+ Pois R

A=B
t

Xt

s = 0

It�sws3Pdisp

 !
ð2Þ

where Pdisp is the probability that a given individual will be displaced, as estimated by the
OpenQuake-engine, and R

A=B
t represents the effective reproduction number assumed for

Case A or B. We recognize that for large destructive events, the transmissibility rate even
among the population that was not displaced might increase, though this effect was not
considered in these analyses. The impact of these assumptions in the results is further dis-
cussed in the concluding remarks.

The prediction of the number of additional cases was performed for 4 weeks following
the seismic event. A prediction period longer than this was deemed unrealistic due to the
volatility of the virus spread. To compare the impact of these two scenarios against the case
in which no earthquake occurs, we have also estimated the expected increase in the number
of cases and fatalities using the mean Rt factor registered in the previous week in the three
subnational regions affected by the earthquake scenarios.

Forecasting COVID-19 cases due to the earthquake impact

For the estimation of the new cases and fatalities due to COVID-19, the main hypothesis
is that the population left homeless will be particularly vulnerable to infection due to the

82 Earthquake Spectra 37(1)



inability to comply with the safety regulations. Some of the factors could include the
inability to maintain proper social distancing during temporary housing, lack of protective
equipment caused by disruption of supply chains, or the need to use healthcare facilities
due to injuries, which might be overwhelmed and unable to maintain all safety measures.
We note once again that during the simulation of the new cases, both the uncertainty in
the estimation of the displaced population and the Rt factor are propagated, leading to
hundreds of simulations of new COVID-19 cases. Figure 5 presents the simulated evolu-
tion of the aggregated number of cases (i.e. sum of the cases for the three regions) for the
4 weeks after the seismic event, considering the onshore (left) and offshore (right) scenar-
ios, and the three transmissibility assumptions (i.e. no seismic event, Case A and Case B).
The darker line represents the mean cumulative COVID-19 cases for each transmissibility
case, while the lighter lines represent individual simulations, which can also be used to esti-
mate error bars around the mean results or specific percentiles.

The results indicate, as expected, striking differences between Case A and Case B,
highlighting the importance of rapidly imposing measures to reduce the transmissibility of
the virus. Given the different geographical extents of the two earthquake scenarios, it is
also important to evaluate the potential impact of these events at the subnational level.
Figure 6 illustrates the increase (as a percentage) in the number of cases per region, follow-
ing the previously presented administrative organization of the country.

Regarding the additional fatalities caused by the COVID-19 virus, the mortality rate
(Mr) in Portugal (according to the data released by the General Health Directorate) has
been stable at 4.3%. However, this rate reflects a situation in which the healthcare system
is not overwhelmed with the injured by the earthquake and additional population infected.
Other European countries heavily affected by the COVID-19 pandemic registered mortal-
ity rates

7

of 11.5% (Spain), 13.9% (United Kingdom), 14.3% (Italy), and 19.6% (France).
In this study, to account for both situations (i.e. stable and overwhelmed healthcare sys-
tem), the mean number of fatalities due to the increase in the number of COVID-19 cases

Figure 5. Forecasting of the (aggregated) number of cumulative COVID-19 cases for the three regions
(Lisbon and the Tagus Valley, Alentejo, and Algarve) considering the displaced population from the M5.7
onshore (left) and M8.7 offshore (right) earthquake scenarios. The darker line represents the mean
results, while the lighter lines represent individual simulations.
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were computed considering both the current mortality rate for Portugal and the one
reported for Spain, as described in Table 2. We recognize that such rates are heavily
affected by the number of reported cases (and hence the large discrepancies among these
countries) and may not represent a realistic mortality rate. Nonetheless, the projections
performed in this study were also based on the number of reported cases and not actual
number of infected. For the sake of completeness, the mean number of fatalities caused by
the collapse of residential buildings is also presented in Table 2.

The impact of the various assumptions adopted in these analyses and the differences in
the results between the earthquake scenarios and transmissibility cases are further dis-
cussed in the following section.

Discussion of results

The results from Figure 6 illustrate important differences in the increase of COVID-19
cases across the three regions. For the onshore event which affects mostly the population
in Lisbon and the Tagus Valley (i.e. 1.9%), when effective measures to limit the transmissi-
bility of the virus are assumed (i.e. Case A), the impact is limited (i.e. less than 1% increase
in the number of cases). This outcome seems to be in agreement with the observations
from the 2011 M5.1 Lorca (Spain) and 2020 M5.3 Zagreb (Croatia) earthquakes, where
the seismic damage was also relatively localized, and the government acted quickly to
counter the infection rate. On the other hand, for the case where the transmissibility rate
increased considerably (i.e. Case B), even an event with limited impact was able to cause a
significant increase in the number of cases (i.e. 10.3%). For the offshore event, which
caused widespread damage and more than 350,000 people were left homeless, the increase
in the COVID-19 cases is substantial even in the more optimistic transmissibility case.
Such an outcome indicates that stricter and more effective measures would have to be rap-
idly implemented in order to counter the spread of the infection. It is also interesting to
note that despite the fact that a greater fraction of the population was affected in Algarve
(i.e. 13.3%) than in the Lisbon and Tagus Valley region (i.e. 8.3%), the increase in the
number of COVID-19 cases is greater in the latter region. This outcome is due to the dis-
crepancy in the number of reported cases between the two regions. At the time of writing
of this study, the southern region of Algarve had less than 400 confirmed cases, while
Lisbon reported more than 9000.

It is also relevant to discuss some of the assumptions that had to be adopted in these
analyses, and how they might be influencing the results. It was assumed that the

Table 2. Mean number of additional fatalities due to the increase in the number of COVID-19 cases
caused by the earthquake impact

Transmissibility
case

M5.7 Onshore earthquake M8.7 Offshore earthquake

Due to the
additional
COVID-19
cases

Due to
structural
collapses

Due to the
additional
COVID-19
cases

Due to
structural
collapses

Mr = 4.3% Mr = 11.5% 292 Mr = 4.3% Mr = 11.5% 1729
Case A 0.6 1.6 51.6 138.0
Case B 2.4 6.4 256.7 686.5
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percentage of cases in the group of people affected and not affected by the seismic event is
the same. These fractions can vary spatially, depending on the location of the clusters of
infection (see Figure 2) and distribution of the damage. Moreover, the higher transmissi-
bility rates are only being applied to the population that was left homeless, and conse-
quently potentially unable to maintain all safety measures. However, this assumption
might not hold for the fraction of the population that will find safer housing solutions,
such as a secondary home that can allow the occupants to maintain social distancing. On
the other hand, these analyses do not account for the additional population that will move
to the affected areas to provide assistance to the injured and displaced, assess structural
damage, and plan the reconstruction process. These analyses also did not account for the
possibility of strong aftershocks that might displace additional population. Moreover,
healthcare staff, even in areas far from the epicenter, might be affected due to the need to
treat the injured that might be infected. These analyses assumed that the displaced popula-
tion will remain in the respective region. While this was the tendency in past earthquakes
(e.g. 2009 L’Aquila earthquake—Dolce, 2010), alternative housing solutions might be
found outside of the respective region. Finally, it is also important to mention that in the
aftermath of the seismic event, the population whose housing was undamaged might be
also unable to return to their homes for several days or weeks due to the need to perform

Figure 6. Estimated increase in the number of cumulative COVID-19 cases (as a percentage) for the
three regions (Lisbon and the Tagus Valley, Alentejo, and Algarve) considering the M5.7 onshore (left)
and M8.7 offshore (right) earthquake scenarios, and Case A (top) and Case B (bottom) of virus
transmissibility.
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safety assessment, or simply due to the disruption of basic utilities (e.g. water supply,
power grid). In these conditions, the total population left more vulnerable to the virus will
be greater than the one considered in this study. In summary, while there are assumptions
in this study that might be rather pessimistic (i.e. all population displaced will be affected
by a higher virus transmissibility), there are also several factors that could have increased
the rate of infections both inside and outside of the affected regions. The incorporation of
these aspects without additional data, in the authors’ opinion, would be too speculative.
In fact, the consideration of the variability in the displaced population and in the effective
reproduction number alone is sufficient to introduce a large variability in the expected
number of new COVID-19 cases, as illustrated in Figure 5.

Identifying regions of high seismic and COVID-19 combined risk

On 13 May, the WHO declared that the COVID-19 virus might become endemic, and in
practice never be completely wiped out. It is therefore likely that some parts of the world
will be struck by damaging earthquakes while the number of active COVID-19 cases is still
high. It is important to identify regions of particular concern and develop or improve emer-
gency response plans to account for the requirements and constraints imposed by the virus.
In this study, we propose a qualitative classification of the globe, considering the number
of COVID-19 cases per 1 million habitants and a recent evaluation of the seismic hazard
and risk.

For the classification of the world based on the virus prevalence and the regional seismic
hazard and risk, we used a bivariate scaling system. This qualitative approach is often used
to depict pairs of variables whose mathematical combination might not be straightforward
or possible, such as social vulnerability and natural hazards (e.g. Emrich and Cutter,
2011). In this process, two thresholds are defined to classify each variable into low, moder-
ate, and high. Then, a color matrix comprising all of the combinations between the two
variables is created. In this study, we combined the number of COVID-19 cases per 1 mil-
lion habitants with two other variables: (1) seismic hazard in terms of the peak ground
acceleration (PGA) for the 475 year return period and (2) average annual losses normal-
ized by the local construction cost. The data concerning the number of COVID-19 cases
per 1 million habitants at the national scale were extracted from the Johns Hopkins
University public GitHub repository,

8

which in turn collects data from the various national
statistical offices or ministries of health. For large countries with high numbers of reported
COVID-19 cases and moderate to high seismic hazard or risk (e.g. Silva et al., 2020), addi-
tional data were collected at the first administrative level, thus allowing a more detailed
view of the spatial distribution of the virus threat. These include Australia, Brazil, Canada,
Chile, China, India, Italy, Iran, Japan, Mexico, Peru, Russia, Spain, and the United States.
For other countries where such a step would also be desirable (e.g. Ecuador, Pakistan, and
Turkey), the data did not seem to be promptly available. Figure 7 presents the number of
COVID-19 cases per 1 million habitants at the national (in shades of red) or subnational
(in shades of blue) level (as of 2 July 2020). As previously mentioned, these values are heav-
ily affected by how aggressively each country has been testing their population. Therefore,
the results for some countries might seem less concerning due to the fact that an important
portion of the infected are not accounted for. The cumulative number of tests per country
per 1 million habitants can be found at Worldmeter.

9

The seismic hazard estimates were extracted from the global seismic hazard map pro-
duced by Pagani et al. (2020). This map was generated using a mosaic of regional (e.g.
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South and Central America, Central Asia, sub-Saharan Africa, Europe) and national (e.g.
Canada, United States, Indonesia, Australia, New Zealand, Philippines, South Africa) seis-
mic hazard models. The hazard is expressed in terms of the PGA (as a fraction of g) for a
probability of exceedance of 10% in 50 years (equivalent to a 475 year return period) on
rock (average shear-velocity down to 30 m - Vs30 = 760 m/s). A detailed description of
how the global seismic hazard model was developed can be found in Pagani et al. (2020).

Concerning the seismic risk estimates (which accounts for the seismic hazard, exposure,
and vulnerability of the building stock), the average annual losses were extracted from the
global seismic risk map produced by Silva et al. (2020). This map was generated using the
previously described global seismic hazard model; a global exposure model covering the
residential, commercial, and industrial building stock; and a set of global vulnerability
functions (Martins and Silva, 2020). In order to allow a comparison between different
countries, the average annual losses were normalized by the average local construction cost
per square meter. This normalization allows comparing the risk between countries with
significantly different construction costs. In practice, it reflects the average annual area lost
due to earthquakes, which will naturally have a strong correlation with displaced popula-
tion. Additional details regarding the global seismic risk model can be found in Silva et al.
(2020). Both global maps follow an evenly spaced hexagonal grid with a 0.30 3 0.34 deci-
mal degrees resolution, which is approximately equal to 1000 km

2

at the equator.

The thresholds defined to classify each variable into low, moderate, and high are pre-
sented in Table 3. Each threshold was defined to simply allow a clear distinction between
the current characteristics of each region and do not have a particular physical meaning.

The combination between the number of COVID-19 cases per 1 million habitants and
seismic hazard is presented in Figure 8. This map explicitly highlights regions in the world
with substantial COVID-19 cases per 1 million habitants along with a simultaneous higher
likelihood of experiencing strong ground shaking. Some of these regions include Chile,

Figure 7. Number of confirmed COVID-19 cases per 1 million habitants at the national (in shades of
red) or subnational (in shades of blue) level (as of 2 July 2020).
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Peru, Ecuador, Turkey, Iran, Italy, the Dominican Republic, Panama, and the west of the
United States.

The use of seismic hazard to characterize the threat posed by earthquakes has the
advantage of being easier to understand by a less technical audience (due to the frequent
use of hazard maps for building regulations) and of having a lower number of sources of
uncertainty (as opposed to seismic risk which is also affected by the uncertainty in the
exposure and vulnerability). However, it does not account for the expected physical impact
(i.e. damage and losses), which is fundamental for the purposes of this study. Figure 9 pre-
sents the combination between the number of COVID-19 cases per 1 million habitants
and seismic risk. In comparison with the previous global map, this exercise allows identify-
ing urban centers with both high prevalence of COVID-19 cases and earthquake risk.
Some of these large urban centers include Istanbul and western Turkish cities, the Po
Valley in Italy, the Great Metropolitan Area of Lisbon, San Francisco Bay Area, Greater
Los Angeles, US cities (e.g. Saint Louis, Memphis) near the New Madrid seismic zone,
Tehran and other Iranian cities along the southern border, the Great Metropolitan Area

Table 3. Thresholds defined to classify each variable (number of COVID-19 cases per 1 million
habitants, seismic hazard, and seismic risk) into three categories: low, moderate, and high

Number of COVID-19 cases per 1 million habitants

Low Moderate High
Seismic hazard Seismic risk N \ 500 500 \ N \ 5000 N . 5000

High PGA . 0.2g AAL . 5000
Moderate 0.1g \ PGA

\ 0.2g
1000 \ AAL
\ 5000

Low PGA \ 0.1g AAL \ 1000

Figure 8. Bivariate maps depicting the combination of seismic hazard and the number of confirmed
COVID-19 cases per 1 million habitants (as of 2 July 2020).
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of Santiago, Lima and Callao, Santo Domingo and Santiago de los Caballeros, Panama
City, the metropolitan areas of Quito and Guayaquil, and the Greater Tokyo Area. These
are regions where additional (and more detailed) analyses such as the ones presented in the
previous section for Portugal might be useful to inform the development of preparedness
and contingency plans. It is interesting to note that both the simulations presented previ-
ously and the results from this section highlight the Metropolitan Area of Lisbon as a
region of particular concern regarding the potential increase in the number of COVID-19
cases due to earthquakes.

Conclusion

Both recent and ancient history have documented the rise and spread of infectious diseases
due to destructive earthquakes. The global prevalence of the COVID-19 virus brings
unprecedented challenges to disaster risk management, and in particular, to the adoption
or development of response and preparedness plans for coincident natural hazard events.
National civil protection authorities and international organizations with the remit to pre-
pare and respond to catastrophic events will have to go beyond the consideration of the
direct impact of natural hazards and account for the additional requirements and con-
straints imposed by the COVID-19 pandemic.

This study presented a framework for the analytical estimation of the amount of popu-
lation left homeless due to an earthquake scenario, and simulation of the expected increase
in the number of COVID-19 cases due to the plausible possibility that not all of the safety
measures will be respected. Different cases of transmissibility (i.e. optimistic and pessimis-
tic scenarios) were considered, leveraging on data regarding the effective reproduction
number (Rt) and deceleration rates observed in Portugal since February 2020. Such analy-
ses elucidate the factors driving the evolution of the number of daily cases in a particular
region, and the potential additional strain upon the healthcare system if an event of

Figure 9. Bivariate maps depicting the combination of seismic risk and the number of confirmed
COVID-19 cases per 1 million habitants (as of 2 July 2020).
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similar characteristics were to happen. For the particular case of Portugal, it was observed
that if the effects of an event with a localized impact are managed rapidly and efficiently
(i.e. leading to low transmissibility rates), the increase in the number of additional
COVID-19 cases would be negligible. For large events in which a considerable amount of
the population is likely to be affected, a rise in the virus spread might be inevitable, even
assuming an optimistic scenario of emergency response. Given the results presented herein,
governmental agencies with the remit to rapidly estimate and communicate the direct
impact of earthquakes could include information in such reports concerning the number
of cases and highest observed reproduction number in the region.

The investigation of disease outbreaks following destructive earthquakes and the analy-
tical results from the earthquake scenarios clearly demonstrate the need to better identify
regions of particular concern and to develop adequate response and preparedness plans.
In this context, this study explored data concerning the number of COVID-19 cases at
national or subnational scale and recent models characterizing earthquake hazard and risk
at the global scale. Seismic hazard was represented by the PGA on rock for the 475 year
return period while seismic risk was expressed in terms of average annual losses. Both
metrics are commonly used within the respective communities, but it is recognized that
other indicators could have been used, such as probable maximum losses (PMLs) for risk.
PMLs could potentially change the pattern in the results presented herein, in particular
for regions whose seismic risk is driven by events with a long return period (e.g. South of
Portugal, Central United States). The combination of these variables allowed highlighting
regions and urban centers in the world where the development of mitigation actions is cru-
cial. At the time of writing of this study, some of these urban centers (e.g. cities in South
America along the Pacific coast and in the Middle East) were already overwhelmed by the
human and economic impact caused by the virus. The occurrence of a damaging seismic
event without a proper response plan could lead to the collapse of the healthcare system
and a steep increase in the mortality toll.

The manner in which the seismic hazard and risk metrics were combined with the
COVID-19 indicator conflates two timescales. The former metrics are time-independent,
while the latter simply represents the number of confirmed cases at a certain point in time,
thus neglecting whether the number of cases is increasing or decreasing. The identification
of the regions with high combined earthquake and COVID-19 risk could benefit from an
equally valid time-independent COVID-19 indicator, reflecting both the likelihood of a
pandemic outbreak and the capacity of a given region to cope with the consequences of an
emergent virus. Such indicator could incorporate data regarding population density,
demographic characteristics (e.g. age, gender), predisposition to follow safety measures,
and capacity of the healthcare infrastructure. The development of such index was out of
the scope of this study.

Although not investigated herein, there is another adverse effect caused by the combi-
nation of natural hazards during pandemics that might be critical. In countries that often
rely on international aid to cope with catastrophes, travel restrictions and strict quarantine
rules may prevent the arrival of humanitarian supplies. For example, after the devastation
caused by the tropical cyclone Harold in the Pacific Islands, the supplies sent by the
Australian government could not be distributed immediately to avoid contagion.10 This
situation is exacerbated by the potential lack of financial resources from the international
community to support the affected nations, due to the need to cope with the economic
impact caused by the outbreak.
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Despite the limitations and assumptions in the results, data sets and models presented
herein, they can still be relevant to inform decision makers in disaster risk mitigation and
to raise risk awareness for the potential impact of earthquakes in the COVID-19 pandemic.
The collection of more data (both in terms of quantity and quality) will be fundamental to
carry out additional research to constrain some of the sources of uncertainty described in
this study and ultimately improve the reliability and accuracy of the predictions.
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Notes

1. Ministry of Health of Vanuatu, COVID-19 Updates: https://covid19.gov.vu/
2. Croatian Institute of Public Health: https://www.koronavirus.hr/en
3. https://covid19.min-saude.pt/
4. https://github.com/dssg-pt/covid19pt-data
5. https://www.dssg.pt/
6. https://github.com/dssg-pt/covid19pt-data
7. COVID-19 mortality rates: https://ourworldindata.org/mortality-risk-covid
8. https://github.com/CSSEGISandData/COVID-19
9. https://www.worldometers.info/coronavirus/
10. https://reliefweb.int/report/vanuatu/cargo-restrictions-hamper-vanuatu-cyclone-recovery-0
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