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Abstract
In the past couple of decades, Operational Earthquake Forecasting (OEF) has been pro-
posed as a way of mitigating earthquake risk. In particular, it has the potential to reduce 
human losses (injuries and deaths) by triggering actions such as reinforcing earthquake 
drills and preventing access to vulnerable structures during a period of increased seismic 
hazard. Despite the dramatic increases in seismic hazard in the immediate period before a 
mainshock (of up to 1000 times has been observed), the probability of a potentially damag-
ing earthquake occurring in the coming days or weeks remains small (generally less than 
5%). Therefore, it is necessary to balance the definite cost of taking an action against the 
uncertain chance that it will mitigate earthquake losses. In this article, parametric cost–
benefit analyses using a recent seismic hazard model for Europe and a wide range of inputs 
are conducted to assess when potential actions for short-term OEF are cost–beneficial prior 
to a severe mainshock. Ninety-six maps for various combinations of input parameters are 
presented. These maps show that low-cost actions (costing less than 1% of the mitigated 
losses) are cost–beneficial within the context of OEF for areas of moderate to high seismic-
ity in the Mediterranean region. The actions triggered by OEF in northern areas of the con-
tinent are, however, unlikely to be cost–beneficial unless very large increases in seismicity 
are observed or very low-cost actions are possible.
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1  Introduction

The purpose of this article is to assess, at a continental scale, the potential of Operational 
Earthquake Forecasting (OEF) for the mitigation of earthquake risk in Europe. For OEF to 
be useful, it needs to be able to trigger risk-mitigation actions (e.g. encourage citizens to 
reinforce earthquake drills, so they are better prepared in the case of a strong earthquake). 
OEF should aim at providing complete, authoritative, reliable and timely information 
before a mainshock (the focus of the current study) as well as during the aftershock period 
(excluded from consideration here). All actions should be recommended but not necessar-
ily prescribed since political and psychological aspects must also be taken into considera-
tion. The benefits of OEF and its procedures have been extensively discussed (Field et al. 
2016; Marzocchi et al. 2014; Jordan et al. 2014; Cauzzi et al. 2016; Iervolino et al. 2015; 
Jordan and Jones 2010; Peresan et  al. 2012; Sellnow et  al. 2017; Christophersen et  al. 
2017; Jordan et al. 2011).

From a technical point of view, OEF works with the increase in the seismic hazard over 
a specific time window: short (days), moderate (weeks) or long (months or years) dura-
tions. Here we focus on short-term OEF, corresponding to between one week (7 days) and 
one month (30 days) before a mainshock. Therefore, the most important issue is whether 
(or, even, if) we should recommend a specific action based on the level of hazard incre-
ment before a mainshock and the set of short-term actions that are possible and feasible. 
Simple cost–benefit analyses based on the approach of Marzocchi and Woo (2009), Woo 
(2010) and Woo (2013) are conducted to assess where and under what conditions such 
actions would be cost–beneficial. Van Stiphout et  al. (2010) conducted similar analyses 
for the 2009 L’Aquila earthquake to assess whether an evacuation of the population would 
have been cost–beneficial.

In the following section, the benefit-to-cost ratio is introduced, which is the basis of the 
approach used here. This section also includes a discussion of the assumptions and limita-
tions of the approach. Following this, a brief review of the literature on the use of cost–ben-
efit analyses to rank risk mitigation actions for natural hazards is provided. Next, the rel-
evant inputs to the analyses are discussed, and some estimates of the key input parameters 
are made. The following section (and the electronic supplement) presents 96 maps for a 
range of input parameters. The penultimate section discusses the derivation of a nomogram 
to conduct the cost–benefit analyses. The final section presents some brief conclusions.

2 � Cost–benefit analysis for OEF

The method used to assess the potential for OEF at a continental scale is based on the 
benefit-to-cost ratio, R, which is defined as, e.g. Marzocchi and Woo (2009), Woo (2010), 
Woo (2013):

where p is the probability, during a specific number of days d, of occurrence of a ground 
motion intensity measure (IM), e.g. peak ground acceleration, PGA, above a threshold with 
the potential to cause loss; and C is the cost of taking an action that leads to a reduction of 
that loss by an amount L. In general, the action will not mitigate the entire loss but only a 

(1)R =
pL

C
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proportion of it. For example, if the action considered is an evacuation of a town then the 
total loss would include any structural damage that occurred, but this part of the loss would 
not have been mitigated by the action, only the loss associated with fatalities and injuries 
to the population evacuated (e.g. van Stiphout et al. 2010). In this article, we are only con-
sidering direct costs and losses related to the action and not indirect costs, e.g. long-term 
business implications, and losses, e.g. long-term environmental damage. A cost-beneficial 
action is one where R > 1. Others (e.g. Brooks et  al. 2016) use the net benefit to decide 
when an action is beneficial rather than the benefit-to-cost ratio. The break-even point in 
the two cases is the same, but the benefit-to-cost ratio is easier to understand and is more 
commonly used within the field of natural hazards (see below).

2.1 � Assumptions and limitations of the approach

A complete cost–benefit analysis of OEF would not be straightforward, and it is acknowl-
edged that the assumptions made in the following analyses are considerable. These analy-
ses aim to provide easily understandable maps and results on which parts of Europe would 
potentially benefit from the installation and operation of OEF before a possible severe 
mainshock. Because of our wish to cover all of Europe and to be general (i.e. not for a 
specific type of infrastructure or city or seismic sequence), there is a need for considerable 
simplification.

The analyses below do not include the costs of installing and operating a system for 
OEF. Much of the required infrastructure (e.g. instruments, communication networks and 
personnel) are already operating over much of Europe as part of local, regional, national 
and international seismic monitoring programmes. Therefore, the additional cost of the 
monitoring part of OEF is likely to be marginal and also spread out over the continent, so 
it is not correct to include it within the costs of a specific forecast. Obtaining the funds for 
this additional cost might, however, still be controversial in some regions. There will be a 
cost to communicate the forecasts to the public and other stakeholders (a variety of stake-
holders for OEF are listed in Table 2). This cost is not assessed here—again because it is 
likely to be minimal as communication channels through, e.g. radio, TV and the internet, 
already exist and are often used for hydro-meteorological hazards (e.g. floods). It is worth 
emphasising that to secure the public’s trust, even poor communication may be better than 
silence as this shows respect for the public’s right to know, even if they are informed clum-
sily (Fischhoff 2015).

It is usual in cost–benefit analyses to adjust the costs or benefits by a discount rate 
because they do not occur now but sometime in the future. In the case of short-term OEF, 
however, this adjustment is not required because of the short timescale considered (days 
to months) and the low inflation rates of European economies. The cost would be incurred 
now, and the loss avoided (benefit) would occur (or not) within the coming days or weeks.

One of the main assumptions of the approach is that the costs and losses mitigated 
are binary, i.e. either 0 or 1. The matrix of the four possible costs and losses is shown in 
Table 1. This assumption is justified for the scale of the analyses considered here and our 

Table 1   Matrix of the possible 
costs and losses assumed within 
the cost–benefit analyses

No action taken Action taken

IM < threshold 0 C
IM ≥ threshold L C
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wish for the analyses to have general applicability. To use a more sophisticated loss model 
(e.g. a lognormal distribution used for vulnerability curves) or cost models would require 
specific actions and elements at risk to be considered.

Fiore et  al. (2019) provide a justification for the use of Eq. 1 to conduct cost–benefit 
analyses. They find that the same formula provides a good first approximation to a more 
complete expression when: (a) the discount rate is low, (b) the period of consideration is 
short and (c) the rates of failure (before and after the action is taken) are also low. All of 
these are valid assumptions for short-term OEF given the actions that can be envisioned 
within the intervals of interest. By using Eq. 1, we are assuming that the rate of failure 
(loss) after the action is taken zero or more generally much less than the rate of failure 
(loss) if that action had not been taken.

In the following, PGA is used as the single IM within the calculations. This assumes that 
it is the most appropriate description of the earthquake ground motions that could cause a 
loss that is reducible by taking an action associated with OEF. This is obviously not true as 
many studies have shown that IMs such as response spectral accelerations at the fundamen-
tal period of a structure or peak ground velocity are more appropriate in many situations. 
PGA was chosen, however, as it is a readily understood parameter for communication with 
end-users. PGA is also reasonably well correlated with macroseismic intensity (e.g. Caprio 
et al. 2015), which means the use of PGA roughly captures the damage potential of earth-
quake ground motions. Finally, because of the relatively strong correlation between other 
measures of the amplitude of earthquake ground motions (e.g. Arias intensity, peak ground 
velocity and short-period response spectral accelerations) and PGA (e.g. Baker and Brad-
ley 2017), it is likely that using one of these other IMs would lead to similar conclusions.

A fundamental assumption in the following calculations is that cost–benefit analyses are 
a good model for how people make (or should make) decisions. Cost–benefit analyses have 
a long history in choosing which risk mitigation actions should be funded, although often 
the results are used to guide, rather than make, decisions. A brief discussion of cost–benefit 
analyses in this context is provided in the following section. Wanigarathna and Yarovaya 
(2018) provide a useful overview of this topic, including a discussion of the various costs 
and benefits that should be considered in more detailed analyses. It is worth noting that 

Table 2   Potential actions for OEF (e.g. Field et al. 2016)

Responsible 
party/Stake-
holder

Potential actions

General public Checking food, water, medical supplies; having cash on hand; keeping phones charged and 
fuel in the car; reviewing family emergency plans; securing household objects

Private sector Insurance/banks/industry advisory; securing business premises; relocating business 
premises; relocating employees to other branches of the business; activating structural 
control systems

Public sector Assuring smooth operation of important infrastructure, hospitals, police, mobile phone 
network, etc.; checking emergency plans/monitoring systems; reinforcing earthquake 
drills; school/hospital/transportation/police/ services advisory; conditioning earthquake 
early warning systems to expect future earthquakes in regions of increased seismic 
activity; checking the town for dangerous non-structural elements (e.g. flower pots and 
shop signs) and removing them; require the evacuation of vulnerable buildings; require 
sleeping outside; restrict travel to an area with elevated hazard; evacuating people to 
areas where the hazard is not elevated
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judging the usefulness of OEF is not limited to use of cost–benefit analysis. OEF can be 
justified by other approaches as well. Different stakeholders can use the obtained OEF 
information based on their understanding of the situation and their policies.

2.2 � Cost–benefit analyses for natural hazards

A useful recent review of cost–benefit analyses for risk mitigation is by Mechler (2016) 
who reports that R for earthquake risk mitigation actions ranges from 0.08 to 15.6 (average 
of 3.0) from eight identified studies, which is lower than the average of 4.6 (range 0.1–30) 
from 21 studies on flood risk mitigation but slightly higher than the average of 2.6 (range 
0.05–50) from 7 studies on risk mitigation for extreme winds. An excellent summary of 
the results of over a hundred cost–benefit analyses for natural hazards (floods, landslides, 
earthquakes, droughts, storms and combinations of hazards) is provided by Hugenbusch 
and Neumann (2016). They identify 11 studies conducting cost–benefit analyses for earth-
quakes. In almost all cases, the mitigation actions were “structural” (e.g. retrofitting of 
vulnerable buildings) rather than “non-structural” (e.g. knowledge transfer, capacity build-
ing and codes/norms, such as land-use planning). In nine of these studies for earthquakes, 
actions were not assessed as cost–beneficial either in whole or in part. Hugenbusch and 
Neumann (2016) find when considering all natural hazards together that non-structural 
actions are often more cost–beneficial. Godschalk et al. (2009), who summarise benefit-to-
cost ratios for projects funded by the US Federal Emergency Management Agency, reached 
similar conclusions. They note that process grants (investments in human, social or institu-
tional capital) for earthquake risk mitigation have an average ratio of 2.5, which is higher 
than for wind (1.7) and flood (1.3) process grants, whereas project grants (investments in 
physical capital) for earthquake risk mitigation have an average ratio of 1.4, which is much 
lower than for wind (4.7) and flood (5.1) project grants. As the actions possible for short-
term OEF would be classed as “non-structural” or “process grants”, given the time avail-
able to take them, this finding is promising for OEF.

There have been a number of probabilistic cost–benefit analyses for retrofitting vulner-
able structures against earthquakes. Examples of these include Smyth et al. (2004), Ghes-
quiere et al. (2006), Kunreuther and Michel-Kerjan (2012), Liel and Deierlein (2013), Wei 
et al. (2014) and references therein. These studies often find that extensive retrofitting is 
not cost–beneficial (R < 1) or is marginally cost–beneficial (R between 1 and 1.5) except for 
the most vulnerable structures and those with many inhabitants. Such calculations rely on 
extensive calculations using earthquake risk assessment software and detailed hazard and 
vulnerability inputs. As such they are unfeasible for this study because of the scale of the 
analysis (all Europe) and the need to be general about the type of mitigation actions con-
sidered. For earthquake risk, there are very few studies that conduct cost–benefit analyses 
for actions other than retrofitting buildings. Retrofitting is not possible to undertake in the 
context of short-term OEF because it would take longer to do than the period of heightened 
hazard will likely last. A recent discussion of the issues surrounding the use of cost–benefit 
analyses for relatively short periods (weeks or months) of heightened hazard (in this case 
volcanic hazard) is provided by Woo (2015).

Brooks et  al. (2016) conduct simple cost–benefit analyses to assess whether a water 
heater should be secured against earthquake shaking. They concluded that for areas of 
low seismic hazard, such as Chicago, that this action is not beneficial but that in areas of 
higher seismic hazard it could be. Strauss and Allen (2016) present some simple cost–ben-
efit analyses for the operation of an earthquake early warning system for the west coast of 
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the USA. The costs of this system were taken from a previous study, and the benefits were 
assessed in a simple way using losses from a variety of causes in recent earthquakes and 
based on simulations. There is little discussion on the probabilities associated with these 
potential losses. Holden et al. (1989), when studying the potential for an earthquake early 
warning system for California, find that there is too much uncertainty (based on the results 
of a survey of potential end-users) in the potential benefits of such a system to conduct a 
detailed cost–benefit analysis. They do, however, formulate the analysis in a similar way to 
proposed here, although they use the net benefit (rather than the benefit-to-cost ratio). Plag 
et al. (2014) use simple cost–benefit analysis (using Eq. 1) to estimate how much money 
should be invested per year worldwide to reduce the risk associated with extreme volcanic 
eruptions. (They estimate this total as several billion dollars per year.)

Cost–benefit analyses for short-term forecasts (often called “early warnings” in the lit-
erature) of other natural hazards (e.g. floods or extreme winds) often show benefit-to-cost 
ratios much larger than unity (i.e. they are clearly cost–beneficial) (e.g. Hallegatte 2012). 
Therefore, “early warning” has been recommended as a good way of mitigating risk in 
less developed countries (e.g. Copenhagen Consensus Center 2012). This is because the 
probability of the hazardous event occurring following a forecast is much higher, so costly 
actions such as evacuation (in case of a hurricane warning or flood) or construction of tem-
porary protective works (e.g. sandbags to protect against floodwaters) become beneficial. 
The probabilities of potentially damaging earthquake ground motions from a mainshock 
occurring in a short interval following a forecast are small, even in periods of increased 
seismicity. Therefore, the costs of risk mitigation actions also need to be small to make 
them cost–beneficial.

3 � Assessment of the input parameters to the analyses

In this section, potential risk mitigation actions that could be triggered by OEF are listed, 
the various input parameters to the cost–benefit analyses are discussed, and a range of plau-
sible values for these input parameters is proposed.

3.1 � Potential actions and corresponding thresholds, losses and costs

The above framework, as expressed in Eq.  1, is based on three principal variables: p, L 
and C. The first variable, p, is an indicator of the real-time seismic hazard for the location 
considered (this is discussed in a subsequent section). p is also a function of d, the number 
of days for which the action is implemented. Finally, p is also a function of the threshold 
PGA (as noted above, only PGA is considered in these calculations): as the threshold PGA 
increases, p decreases. The effect of changing the threshold PGA can be estimated by mak-
ing use of the observation that seismic hazard curves typically follow a power law, which is 
discussed next. If L/C remained the same, then a lower threshold would make the mitiga-
tion actions appear more beneficial and vice versa for a higher threshold.

Seismic hazard curves can often be parameterised using a power law, i.e.: H(y) = k0 y−k1, 
where y is the value of the IM of interest (e.g. PGA), H is the annual frequency of exceed-
ance, and k0 and k1 are site-specific coefficients chosen to fit the hazard curve over the 
exceedance frequencies of interest. Therefore, assuming that annual frequency of exceed-
ance and daily probabilities of exceedance are proportional (this is not strictly correct, but 
it is likely almost true for the ground-motions levels of interest here), there is roughly a 
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one-to-one mathematical relationship between the daily probabilities of exceedance of two 
ground-motion levels. This relationship is given by: (y2/y1)k1, where y1 is the lower ground-
motion level, and y2 is the higher ground-motion level. Figure  14 of Gkimprixis et  al. 
(2019) shows that k1 varies between 1.5 and 2.5 for much of Europe based on the European 
Seismic Hazard Model 2013 (ESHM 2013,  Giardini et  al. 2013; Woessner et  al. 2015). 
Therefore, if for example, y1 = 0.05 g and y2 = 0.2 g, then the ratio of the weekly probabili-
ties of exceedance of these ground-motion levels would be between 8 and 32.

The second and third variables within Eq. 1, L and C, are functions of the risk-mitiga-
tion actions that are considered in the analysis. Rather than using actual values of the loss 
and cost, it is easier and more general to use the ratio L/C. Therefore, this ratio is used 
from now on. Potential actions and corresponding L/C values are discussed in the follow-
ing section.

3.2 � Potential risk‑mitigation actions

Because of the relatively short periods for which OEF is likely to operate, only actions that 
can be taken quickly can be considered. Therefore, it is not possible to recommend struc-
tural retrofitting of vulnerable structures, for example, as this would take many weeks or 
months to put in place. In this section, some example actions are discussed.

The types of losses that the actions seek to mitigate are principally human losses, e.g. 
death, major and minor injuries that require hospitalisation and very minor injuries (e.g. 
cuts and bruises); damage to non-structural elements and building contents; and knock-on 
impacts such as fire, chemical leaks and business interruption due to damaged equipment. 
As noted above, OEF cannot typically be used to mitigate structural losses (e.g. building 
collapse).

When proposing the framework used here, Woo (2013) considered four actions for a 
period of heightened hazard in Emilia (northern Italy) in June 2012 (following the destruc-
tive earthquakes the month before). He proposed that: (1) the civil protection supplies 
could be restocked (C = 1000 euros and L = 500,000 euros); (2) the military and firefighters 
contingent in the area could be increased (C = 5000 and L = 1,000,000 euros); (3) a rapid 
vulnerability map of the city of Ferrara could be created (C = 1,00 euros and L = 1,000,000 
euros); and (4) all stocks of the Ferrara Nord petro-chemical complex could be removed 
(C = 20,000 euros, L = 20,000,000 euros). The values of L and C for these actions, taken 
from Woo (2013), lead to L/C ratios between 200 and 1000.

Other potential actions, grouped into categories depending on who would be responsi-
ble for taking/requiring the action, are given in Table 2. Field et al. (2016) provide a com-
prehensive discussion of the types of actions that could be triggered by OEF.

Four possible actions are considered in Table 3 to provide more guidance on the L/C 
values to be used for the maps below. Because it is comprehensive, the main basis for 
potential actions is FEMA (2012)—all images come from that source. FEMA (2015) pro-
vide a very comprehensive set of illustrations of the importance of non-structural damage 
during the 2014 Napa earthquake in California. Non-structural components often contrib-
ute a large proportion of the costs of a building and its contents, e.g. Porter (2016) notes 
that they are on average about two-thirds of the total cost. Therefore, even if OEF cannot be 
used to mitigate major structural damage and associated deaths/injuries, if it can contribute 
to reducing non-structural losses, even by a small amount, this would be significant, espe-
cially when the actions are taken before occurrence of a mainshock.
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The list of losses mitigated and costs of the actions is given in Table 3; there is an esti-
mate of the losses in terms of US dollars based on the photograph shown. Note that these 
estimates are rough as there is insufficient detail in the photograph to give a more accurate 
estimate. From these examples, L/C ratios between 20 and 1000 can easily be justified.

3.3 � Assessment of the probability of surpassing the PGA threshold

The assessment of p, the probability of surpassing the PGA threshold, is made using 
ESHM2013. The annual frequencies of exceedances for the considered PGA thresholds 
were assessed through spline interpolation of the hazard curves (in terms of logarithms) 
calculated using the ESHM2013 maps for all six available return periods (72, 102, 475, 
975, 2475 and 4975  years). Extrapolation has been done for the points less than 72 or 
greater than 4975 years return period, using linear regression in logarithmic space from the 
two nearest data points.

Next, the annual frequencies of exceedance are converted to daily rates (dividing by 
365) and from these p is estimated, using the Poisson distribution, for the considered num-
ber of days, d. Because OEF is generally used to trigger actions during short periods when 
the chance of a damaging earthquake ground motions has increased (in this article due to 
increased seismicity prior to a mainshock), in the following only relatively low values for 
d (≤ 30) are considered. The probability given using this method is the long-term (time-
independent) chance of surpassing the PGA threshold. Therefore, in the areas for which the 
considered action is shown to be cost–beneficial (R > 1) the action should be taken without 
any need for OEF, i.e. it is cost–beneficial for the time-independent seismic hazard of that 
area.

The potential utility of OEF is to trigger additional risk mitigation actions during peri-
ods of a heightened chance of a large earthquake. Therefore, in the following analyses 
increases in the time-independent probabilities obtained from ESHM2013 are considered 
by increasing p by a factor called the “probability gain” hereafter. Because this study aims 
to provide general guidance on where and for which actions OEF may be cost–beneficial, 
how much p can increase from its time-independent value is assessed using the available 
literature. In aftershock periods, the probability gain is a function of time since the main-
shock (latency) as well as the forecasting duration (Field and Milner 2018). However, in 
this article we are assuming the probability gain to be constant because we are considering 
the period prior to a mainshock not the aftershock period. This assumption greatly simpli-
fies the complexity of the problem, although it means that the results shown below poten-
tially overestimate R as the probability gain likely decreases with time since the forecast of 
a mainshock.

There are a number of studies available in the literature that provide estimates of how 
much the probability of a potentially damaging earthquake increased during particular 
sequences. In this article, we are using the probability of potentially damaging ground 
motions (here PGA) rather than an earthquake itself to compute the benefit-to-cost ratio 
of different actions. The relationship between the probability an earthquake exceeding a 
particular size (e.g. moment magnitude 6) and the probability of PGA exceeding a thresh-
old is not linear [e.g. Figure 3 of Douglas and Danciu (2020)], and hence, there is a poten-
tial difficulty in using the probability increases reported in the literature. For the relatively 
low daily probabilities and PGA thresholds considered here and given the large assump-
tions in other parts of the analysis, however, the slight nonlinearity in the relationship is 
ignored. Probabilistic seismic hazard analyses (PSHAs) for a single source zone of uniform 
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seismicity following a Gutenberg-Richter law (Gutenberg and Richter 1945) and consider-
ing different long-term activity rates (see below), showed that assuming equality between 
an increase in the probability of an earthquake larger than a certain magnitude and the 
increase in the probability of a PGA larger than a certain threshold leads to an error that 
is negligible for the purposes of this analysis. The probability of certain level of ground 
motion (instead of earthquake probabilities) is easier to use for risk reduction purposes 
(e.g. Marzocchi et al. 2017, their Fig. 4).

Reported increases in daily probabilities of potentially damaging earthquakes range 
from about 20 times (Marzocchi et al. 2015) to roughly 1000 (Gulia et al. 2016; McBride 
et  al. 2020). Jordan and Jones (2010) noted that the short-term earthquake probability 
(STEP) model that used to be deployed by USGS (Gerstenberger et al. 2005) often showed 
increases in probabilities of ground motions exceeding a Modified Mercalli Intensity of VI 
of 10–100 times [Gerstenberger et al. (2005) themselves showed a map with increases of 
up to 30 times in some parts of California]. The increase in weekly probability of intensity 
VII close to Norcia was reported to be about three orders of magnitude before the main-
shock of 30th October 2016; hence, probability increases in potential ground shaking could 
be very high in some cases (Marzocchi et al. 2017). These observed increases in previous 
sequences will define the values considered when drawing the maps below. It is noted that 
all identified studies providing estimates of probability increases of either large earthquake 
occurrence or ground-motion exceedance are for highly seismically active areas such as 
Italy and California. Therefore, these large increases in probabilities may not be representa-
tive of all areas of Europe, including areas of low seismicity such as much of the north of 
the continent. There is insufficient research on this topic to know if potential probability 
gains in such areas prior to a mainshock are comparable to those in seismically more active 
areas. Earthquake catalogues in low-seismicity regions do not allow us due to their sparse-
ness to distinguish those areas from more active areas concerning the size of any potential 
increase in probability.

In this article, the focus is on natural seismicity rather than seismicity induced by human 
actions (e.g. fluid injection, mining and dam impounding). Induced seismicity can lead to 
rapid increases in the probability of a potentially damaging earthquake occurring within 
a small area (e.g. Gupta and Baker 2019). The approach followed here could be applied 
to induced seismicity by using an appropriate value for the increase in the probability of 
an earthquake occurring, although it is unlikely that the assumption that the hazard curve 
shape remains the same would hold in the case of induced seismicity (induced events are 
likely to be biased towards smaller magnitudes than natural events, i.e. a larger b value).

4 � Maps showing areas where actions are cost–beneficial

To show the impact of the various input parameters and because of the large uncertain-
ties in their assessment and how they vary for different actions and locations, a parametric 
analysis is conducted for this wide range of input parameters:

•	 The crisis duration (d): 7 days and 30 days (1 month);
•	 Loss-to-cost ratio (L/C): 10, 100, 1,000, and 10,000;
•	 The threshold PGA: 46  cm/s2 (macroseismic intensity V), 84  cm/s2 (macroseismic 

intensity VI), and 154 cm/s2 (macroseismic intensity VII), where the approximate mac-
roseismic intensities are from the relationship of Caprio et al. (2015); and
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•	 The probability gain, which indicates the factor by which the probability increases dur-
ing the period of the OEF action (i.e. the crisis duration): 1 (no increase), 10, 100 and 
1,000.

As any triggered action should be cost–beneficial (i.e. R must be greater than unity), 
in the maps in this section and the electronic supplement, the following ranges of R are 
indicated: R < 1 (not cost–beneficial), R between 1 and 1.5 (marginally cost–beneficial), R 
between 1.5 and 2.5 (moderately cost–beneficial), R between 2.5 and 5 (clearly cost–ben-
eficial) and R > 5 (highly cost–beneficial).

The benefit-to-cost ratio results are shown in Fig. 1 in the case of L/C = 1000, probabil-
ity gain = 100, threshold PGA = 46 cm/s2 and for both d = 7 and d = 30 days. L/C = 1,000 
may seem like a high ratio as it suggests that mitigation only costs 0.1% of the total loss, 
but some actions discussed above would have such high ratios. A probability gain of 100 
corresponds to a significant increase in the seismic hazard in the crisis duration period 
prior to a mainshock, which has been observed in past earthquake sequences (see above). 
As seen in Fig. 1, OEF is beneficial in the majority of Europe except in some parts in the 
north of the continent. This demonstrates that low-cost actions are clearly beneficial, espe-
cially when the hazard increases significantly in a short time period.

For the longer crisis period (30 days), the OEF actions are even more cost–beneficial 
as seen in Fig. 1 by comparing the maps for 7 and 30 days, e.g. OEF is marginally/mod-
erately/clearly cost–beneficial in the south of the UK and parts of Norway in the case of 
d = 7  days, but it becomes highly cost–beneficial when the crisis duration increases to 
30  days. Maps for the various combinations of d, L/C, threshold PGA, and probability 
gains are shown in 96 maps in the electronic supplement, where each page shows 16 maps 
and the L/C ratio increases from top to bottom (10 to 10,000), and the probability gain 
increases from left to right (1 to 1000). In the case of no or small probability gain and 
expensive actions (e.g. L/C = 10), OEF is not cost–beneficial. When either the seismic haz-
ard increases significantly or large L/C ratios are considered, OEF becomes cost–beneficial 
(highly cost–beneficial in some cases). The maps in the electronic supplement also show 
that, as expected, the highest OEF benefits are obtained for the lowest threshold PGA (i.e. 
46 cm/s2). One interpretation would be the actions for mitigating secondary systems are 
beneficial for OEF. The maps in the electronic supplement also show that, everything else 
being equal, actions are more justifiable for long crisis periods (30 days) than for short cri-
sis periods (7 days).

5 � Nomogram for quick calculations of benefit‑to‑cost ratios

Nomograms (e.g. Levens 1959) are graphical tools that allow complex equations to be 
evaluated to high accuracy simply using a print-out of the nomogram and a straight edge. 
They were common in many fields of science and engineering in the era before digital 
computers became ubiquitous, i.e. up until the 1980s, as they reduced the likelihood of 
computational errors. As argued by Douglas and Danciu (2020), who present a nomogram 
summarising the results of simple PSHAs, nomograms are still potentially useful as they 
visually present the connections among the variables within an equation and allow the sen-
sitivity of the results to changes in those variables to be assessed quickly. In this section, a 
nomogram for the simple cost–benefit analyses for OEF is presented.
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The nomogram presents the relations between five variables: threshold PGA (in g), 
daily probability of an earthquake of moment magnitude 4 or larger, the number of days 
for which the OEF action is taken (d), the ratio of the loss mitigated to the cost of the 
OEF action (L/C) and the benefit-to-cost ratio (R). The nomogram was created using the 

Fig. 1   Cost–benefit analysis assuming L/C = 1000, Probability gain = 100 and threshold PGA = 46  cm/s2. 
d = 7 days in the top figure and d = 30 days in the bottom figure
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open-source pynomo software1 using a type 3 nomogram that consists of five parallel ver-
tical axes. Note that one advantage of a nomogram over normal graphs is that any variable 
of the equation can be the subject, i.e. in this case the value of any of the five variables can 
be found given the other four. Before presenting the final nomogram, the steps followed to 
construct it are briefly described.

Following the success of Douglas and Danciu (2020) in deriving a nomogram for 
PSHA, a similar approach was followed here. The first step was to evaluate the daily fre-
quencies of exceedance of three potential PGA thresholds: 0.05 g, 0.1 g and 0.2 g for the 
OEF actions for different daily probabilities of earthquakes of moment magnitude 4 or 
larger. These frequencies were calculated using PSHA of a circular area of radius 100 km 
of uniform seismicity defined by a Gutenberg-Richter relationship (Gutenberg and Rich-
ter 1945) with b = 1, nine activity rates and maximum magnitude of 8, coupled with the 
Cauzzi and Faccioli (2008) PGA ground-motion model, which is one of the two highest 
weighted ground-motion models in the logic tree for crustal earthquakes used to derive 
ESHM2013 (Delavaud et al. 2012). The Poisson distribution was then used to convert the 
frequencies of exceedance to daily probabilities.

The result was the daily probabilities of exceeding the three threshold PGAs for nine 
daily earthquake probabilities. Using the common assumption of a power law to approxi-
mate the hazard curve, which Douglas and Danciu (2020) showed works very well for sim-
ple PSHAs, linear equations were derived between the logarithms of the PGA thresholds 
and their corresponding probabilities of exceedance for each of the daily earthquake prob-
abilities considered. It was found that the slope of these linear equations was almost the 
same for all earthquake probabilities but that the intercept changed. This intercept could 
be itself expressed as a linear function of the daily earthquake probabilities. The result of 
these steps is a function connecting the daily probability of occurrence of an earthquake 
of magnitude 4 or larger (for any value between 0.0087% and 58%) and the corresponding 
daily probability of exceeding any PGA value between 0.05 g and 0.2 g.

Because the daily probabilities of exceeding the PGA thresholds considered are all 
lower than 1%, it was assumed that the probability of exceeding the threshold within a 
period of days (up to 30 days, i.e. a month) was simply the daily probability multiplied by 
the number of days (note that this is different to the analysis presented above where the 
Poisson distribution was used). This is not mathematically correct as the Poisson distribu-
tion should be invoked (as it was to construct the maps shown above), but the error intro-
duced by this assumption is low, and it allows the equation for the benefit-to-cost ratio to 
expressed as a linear function in terms of logarithms (in order to convert from a product), 
i.e.:

where lnpGM is the logarithm of the daily probability of exceeding the threshold PGA, 
which itself (given the previous step) is a linear function of the logarithm of the daily prob-
ability of an earthquake of moment magnitude 4 or larger occurring.

lnR = ln d + ln pGM + ln L∕C,

1  https​://pynom​o.org/wiki/index​.php/Main_Page.

https://pynomo.org/wiki/index.php/Main_Page
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Through these steps, it is possible to express R in the form required for a type 3 nomo-
gram, i.e.:

where y is the threshold PGA considered for the action. It is possible to consider L and C as 
two separate variables, but it was decided that this would complicate the use of the nomo-
gram without much benefit as often it is easier to consider the ratio L/C rather than use the 
individual components.

The resulting nomogram is shown in Fig. 2 with an isopleth (red dotted line) drawn for a 
threshold PGA of 0.05 g, a daily probability of a moment magnitude 4 or larger earthquake 
occurring of 4%, a week-long OEF action (i.e. d = 7 days) and an L/C of 1000. This leads 
to an R of about 3.5, i.e. the action is highly cost–beneficial. To use this nomogram, values 
on the five vertical principal axes should be connected by straight lines via the two vertical 
secondary axes (labelled R1 and R2).

6 � Conclusions

Areas of high seismic hazard (e.g. Iceland, Italy, Greece and Turkey) will benefit from 
OEF prior to a mainshock if there are low-cost (cost ratios < 0.1%) short-term mitigation 
actions that can be performed even if the increase in the weekly probability of an earth-
quake is moderate. Considering the return period of the PGAs that could cause losses, the 
actions would be triggered sufficiently often (more frequently than every 10 to 50 years) 
for the local population to have prior experience of what actions to take. Areas of moder-
ate seismic hazard (e.g. Alps, Pyrenees, Rhine graben and south Spain) would only benefit 
from OEF prior to a mainshock in the case of very large increases in weekly probabilities 
and only if low-cost actions are possible (and the triggers would likely occur infrequently, 
i.e. less often than once every 50 years). If the crisis period (heightened hazard) goes on 
for a number of weeks, more expensive actions become cost–beneficial. If actions can 
mitigate losses that are caused by low-amplitude ground motions, then these actions are 
more cost–beneficial than actions related to losses caused by stronger earthquake shaking 
because low-amplitude ground motions occur much more frequently.

It could be that even if R was less than unity for a given action (i.e. it is not assessed as 
being cost–beneficial) that the action may be taken by some people if it was sufficiently 
cheap (low C) or easy to do. For example, there is a personal cost of some risk mitiga-
tion actions in day-to-day life (e.g. keeping a well-stocked first aid cabinet) that may not 
be cost–beneficial given the chance that it is required, but the cost to most people is suf-
ficiently low that this cost is not a barrier to choosing this action.

In conclusion, despite the considerable assumptions made, the results of the simple 
cost–benefit analyses presented here show that short-term OEF has the potential to trigger 
cost–beneficial actions before occurrence of a mainshock over much of Europe, especially 
if low-cost actions (cost ratios < 0.1%) are identified for an element at risk.

f (R) + f (d) + f (pE) + f (y) + f

(

L

C

)

= 0,



	 Natural Hazards

1 3

0.1

0.05

0.06

0.07

0.08

0.09

0.2

0.12

0.14

0.16

0.18

Thres. PGA (g)

0.01

0.1

1

10

0.009

0.02

0.03

0.04

0.05

0.06

0.07
0.08
0.09

0.2

0.3

0.4

0.5

0.6

0.7
0.8
0.9

2

3

4

5

6

7
8
9

20

30

40

50

Daily prob. M≥ 4

1

10

2

3

4

5

6
7
8
9

20

30

Days

1

10

100

1000

1e+ 04

2

3

4

5

6
7
8
9

20

30

40

50

60
70
80
90

200

300

400

500

600
700
800
900

2000

3000

4000

5000

6000
7000
8000
9000

Loss mitigated/Cost

0.1

1

10

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

2

3

4

5

6

7

8

9

Benefit-to-cost ratio

R1 R2

Fig. 2   The nomogram developed for cost–benefit analysis of OEF actions. An isopleth (red dotted line) is 
shown for an example application for a threshold PGA of 0.05 g (left-most axis), a daily probability of an 
earthquake of magnitude ≥ 4 of 4%, a week-long (7 days) OEF action and a L/C ratio of 1000 leading to 
R = 3.5 (right-most axis)
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