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ABSTRACT 

Seismic hazard varies greatly during an earthquake sequence. Understanding this variation can be useful to end-

users, such as emergency managers, as it would enable them to make more informed decisions about potential 

risk reduction measures. This article presents examples of how two commonly-used products of probabilistic 

seismic hazard assessments: uniform hazard spectra and disaggregated earthquake scenarios, vary during two 

severe seismic sequences in western Greece. These calculations are made using a recent time-dependent seismic 

hazard model based on a Bayesian ETAS approach. The examples show that time-dependent uniform hazard 

spectra for short return periods (1 and 10 years) are significantly higher than standard time-independent spectra 

but that uniform hazard spectra for the commonly-used return periods of 475 and 2475 years are similar to those 

from time-independent assessments. The time-dependent spectra generally converge within a couple of days to 

the time-independent spectra. The examples also show that the dominant earthquake scenarios evidenced by the 

disaggregation for the time-dependent assessment can show significant differences from the time-independent 

scenarios. This is particularly true when the earthquake sequence is distant from the location of interest as the 

aftershocks contribute greatly to the overall hazard. To show these changes more clearly this article introduces a 

new graphical representation of the disaggregated results: contour maps showing the magnitude or distance of the 

dominant earthquake scenario with axes of the structural period and response spectral acceleration. 

Keywords 

Time-dependent PSHA; disaggregation; UHS; seismic sequence; dominant earthquake scenario; Greece. 

https://orcid.org/0000-0003-3627-652X
mailto:A.Azarbakht@greenwich.ac.uk
https://orcid.org/0000-0003-3822-0060
mailto:john.douglas@strath.ac.uk
mailto:A.Azarbakht@greenwich.ac.uk
mailto:A.Azarbakht@greenwich.ac.uk


2 

1 INTRODUCTION 

To improve the accuracy of structural response estimates, nonlinear dynamic analyses of structures are becoming 

increasingly recommended by seismic design codes and other regulatory documents (e.g. ASCE7-05 2007; CEN-

Eurocode 2003). A key basis of these approaches is to target a specific seismic hazard level. The goal of this 

article is to estimate the changes in seismic hazard during periods when there is a higher chance of a large 

earthquake (e.g. during seismic sequences). The rate of increase above the background (time-invariant) hazard 

during aftershock periods is a function of both the time since the mainshock (delay) and the forecasting duration 

(Field and Milner 2018). A number of studies have been published that estimate how much the likelihood of a 

potentially-damaging earthquake increased during specific sequences. These estimates range from about 20 times 

(Marzocchi et al. 2015) to around 1,000 times (Gulia et al. 2016; McBride et al. 2020). Jordan and Jones (2010) 

pointed out that the USGS's short-term earthquake probability (STEP) model (Gerstenberger et al. 2005) 

frequently showed increases in probabilities of ground motions exceeding a Modified Mercalli Intensity of VI of 

10 to 100 times. Gerstenberger et al. (2005) themselves showed a map with increases of up to 30 times in some 

parts of California. Before the mainshock on 30 October 2016 of the 2016-2017 Central Italy earthquake sequence, 

the weekly likelihood of intensity VII near Norcia was reported to have increased by roughly three orders of 

magnitude (Marzocchi et al. 2017); thus, increases in ground shaking probabilities can be very significant. 

It is worth noting that this rapid increase in seismic hazard has been commonly referred to in the literature for the 

purposes of Operational Earthquake Forecasting (OEF). Nevertheless, despite the magnitude of these increases, 

the change in seismic hazard is not commonly considered in seismic risk assessment. The aim of this article is to 

better understand the potential changes to key outputs of probabilistic seismic hazard assessments (PSHAs), 

including uniform hazard spectra (UHS) and disaggregated earthquake scenarios. To do this, the increases in the 

time-independent probabilities obtained from a recent time-dependent hazard model, based on Bayesian-inference 

updating, by Azarbakht et al. (2022) are used, to investigate how UHS and disaggregated scenarios can change 

during a seismic sequence.  

PSHA statistically aggregates all possible earthquake ground motions that could occur at a given location (Cornell 

1968). Within PSHA, it is also possible to account for epistemic uncertainty using a set of ground motion 

prediction equations (GMPEs), different source models, and other seismicity characteristics. For a single seismic 

source, the most practical version of PSHA is (Cornell 1968; McGuire 1995): 
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where ( )y  is the rate of occurrence of ground motions with an Intensity Measure (IM) >y. ( )Mf m and 

( )Rf r are the probability density functions associated with magnitude (M) and distance (R), respectively. 

[ , ]P Y y m r  is derived from an appropriate GMPE and   is the rate of occurrence of earthquakes larger than 

a minimum magnitude for the specific seismic source. 

The (pseudo) spectral acceleration corresponding to the fundamental period of vibration of a particular structure 

and a chosen damping ratio, i.e. Sa(T1,5%), is the most commonly-used IM. Within Equation (1), the 

disaggregation of seismic hazard can also be computed for a given probability of exceedance in order to determine 

the relative contribution of the various earthquake scenarios (Bazzurro and Cornell, 1999). Disaggregation can be 

done for any collection of seismic parameters, such as M and R. The main benefit of disaggregation is to obtain 

the dominant scenario for a given site. In other words, the dominant M and R is the event that contributes most to 

the double integral of Equation (1).  

Another potential output of PSHA is a target design spectrum. As discussed above, in most design procedures, 

the spectral acceleration at the initial period of a given structure, Sa(T1,5%), has been employed as the chosen IM 

(ASCE 7-05 2005). This is an ordinate on the elastic spectrum for a particular hazard level in terms of the annual 

frequency of exceedance, which can be obtained using conventional PSHA. The spectral accelerations are then 

plotted against the structural period, resulting in a UHS. Every ordinate in a UHS has an equal chance of being 

exceeded. Ground motions from small close-by earthquakes generally contribute most to the short-period range 

of a UHS, while large distant earthquakes contribute most in the long-period range (McGuire 1995).  

Most examples in the literature on UHS and seismic disaggregation are based on the conventional (time-

independent) PSHA. However, time-dependent PSHA has gained remarkable attention in recent years, especially 

during major earthquake sequences. Nevertheless, to our knowledge, there are no examples in the literature on 

the variation of UHS and the associated dominant scenarios (obtained from seismic disaggregation) during an 

ongoing sequence. Therefore, in the following, we present examples of these products using a short-term (daily) 

time-dependent seismic hazard model (Azarbakht et al. 2022). The input data and selected study site are discussed 

in the next section. Subsequently, the methodology for time-dependent PSHA is discussed. Finally, results and a 

discussion are presented.  
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2 INPUT DATA AND SELECTED SEQUENCES 

The study area is the part of western Greece defined by 20-23E and 37-39N, with a grid size of 0.05×0.05 degrees, 

which is the same as the 2013 European Seismic Hazard Model (ESHM13) (Giardini et al. 2013; Woessner et al. 

2015). This choice of grid size makes it easier to include the background seismicity in the PSHA. This study 

considers the available technical literature on the earthquake sequences that occurred in this area (e.g. Karakostas 

et al., 2020). Patras, located in the study area, is Greece's third-most populated city and has several important 

facilities, including a large port. In addition, this city features numerous public buildings, schools, and historical 

landmarks. The Rio–Antirrio bridge spans the Gulf of Corinth near Patras. This is one of the world's longest multi-

span cable-stayed bridges. Aegio, a town also in the study area, is known for a topographic plateau spanning a 

large fault (the cause of a destructive earthquake on 15 October 1995). This study area is chosen as it is in one of 

Europe’s highest seismicity regions, where numerous earthquake sequences have occurred in the past decades. 

Because of this high seismicity, it is a testbed of the TURNkey project1. 

The current study analyses two seismic sequences that occurred in the period from 1995 to 2018 whose 

mainshocks had moment magnitudes, Mw, greater than 6. The earthquake catalogue of the International 

Seismological Centre (ISC, last accessed 2020, Bondár and Storchak 2011) was employed for this study. Table 1 

summarises the two sequences that are considered representative samples for this study area. The same lettering 

scheme as in Azarbakht et al. (2022) is used to avoid confusion for readers. Additionally, the spatial distribution 

of aftershock events, during one month after the mainshock origin time, are shown in Figure 1 for the two 

considered sequences. Table 1 also indicates the distances between the epicentre of each mainshock and two key 

locations (Patras and Aegio) (sequence A is the closest to both Patras and Aegio). As shown in the following 

sections, the differences in sequence-to-site distance have a strong impact on the seismic hazard estimated at the 

two locations.  

Table 1. The selected sequences with mainshock magnitude Mw≥6, mainshock occurrence time, and the 
distances to Patras and Aegio. 

Sequence 
Label Lat.  (N) Lon. (E) 

Mainshock 
Magnitude 
(Mw) 

Mainshock Date 
(dd/mm/yyyy) Hour:Minute 

Distance 
to Patras 
(km) 

Distance 
to Aegio 
(km) 

A 38.39 22.28 6.5 15/06/1995 00:15 50 23 
F 37.53 20.62 6.8 25/10/2018 22:54 126 151 

1 Towards more Earthquake-resilient Urban Societies through a Multi-sensor-based Information System enabling 
Earthquake Forecasting, Early Warning and Rapid Response actions (https://earthquake-turnkey.eu/ ) 
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Figure 1. The spatial distribution of aftershocks during one month after the mainshock for: (top) sequence A and 
(bottom) sequence F. 
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3 METHODOLOGY 

OEF is always based on estimating time-dependent probabilities of potentially damaging earthquakes (Jordan et 

al. 2014). Its output is frequently expressed in terms of probability changes due to time-dependent (days to 

months) seismicity. These probabilities can be used by emergency managers as well as for public communication 

(Jordan and Jones 2010; Goltz 2015; Roeloffs and Goltz 2017; McBride et al. 2020; Field and Minler 2018; 

Douglas and Azarbakht 2021; Azarbakht et al. 2021). 

The current study uses time-dependent PSHA (Azarbakht et al. 2022) to look at how UHS and the corresponding 

disaggregated seismic scenarios change during aftershock sequences. To forecast the frequency of occurrences 

over the aftershock zone within the required time span, the PSHA takes into account short-term changes in 

seismicity revealed by a Bayesian ETAS model (Azarbakht et al. 2022; Ebrahimian and Jalayer 2017). The 

seismicity in terms of the anticipated number of occurrences in the forecasting time interval (24 hours) is 

employed as the short-term seismicity rate. As a result, a standard PSHA was undertaken initially, using Equation 

(2) (derived and adapted from Cornell 1968; McGuire 1995; and numerically integrated over the aftershock zone,

see also Equation (1)): 

𝜆(𝑃𝐺𝐴 > 𝑝𝑔𝑎) = 𝜆(𝑀 > 𝑀𝑚𝑖𝑛) ∫ ∫ ∫ 𝑃(𝑃𝐺𝐴 >
𝑌𝑚𝑎𝑥

𝑌𝑚𝑖𝑛

𝑋𝑚𝑎𝑥

𝑋𝑚𝑖𝑛

𝑀𝑚𝑎𝑥

𝑀𝑚𝑖𝑛

𝑝𝑔𝑎|𝑚, 𝑑{(𝑥, 𝑦), (𝑥𝑠, 𝑦𝑠)}). 𝑓𝑀(𝑚). 𝑓𝑋,𝑌(𝑥, 𝑦) d𝑦d𝑥d𝑚 (2) 

where 𝜆(𝑃𝐺𝐴 > 𝑝𝑔𝑎) is the annual rate of exceedance of PGA above a threshold pga; Mmin is equal to 4.5 (the 

same assumption as in ESHM13); Mmax is the maximum magnitude obtained from the ESHM13 results for each 

area source; 𝜆(𝑀 > 𝑀𝑚𝑖𝑛) is the annual rate of exceedance of earthquakes greater than Mmin, which is numerically

defined for each grid cell based on the ESHM13 SEIFA model; 𝑑{(𝑥, 𝑦), (𝑥𝑠, 𝑦𝑠)} is the epicentral distance

between the desired site (xs and ys are the coordinates of the site of interest) and an arbitrary point (x and y 

coordinates ∈  A) inside the aftershock zone (see also Ebrahimian et al. 2019); 𝑃(𝑃𝐺𝐴 >

𝑝𝑔𝑎|𝑚, 𝑑{(𝑥, 𝑦), (𝑥𝑠, 𝑦𝑠)}) is the conditional probability of PGA exceeding a threshold pga, given a magnitude m

and an epicentral distance d at the (x,y ∈ A) coordinate, which can be estimated using a set of GMPEs; 𝑓𝑀(𝑚) is

the probability density function of magnitude, which follows the Gutenberg-Richter relationship based on the 

ESHM13 for each area source; 𝑓𝑋,𝑌(𝑥, 𝑦) is the joint probability density function of the distance distribution at an

arbitrary point with (x,y ∈ A) from the site (𝑥𝑠, 𝑦𝑠) coordinate, which has a uniform distribution, i.e. assuming

equiprobable occurrence of earthquakes in the area source; Xmin and Xmax are, respectively, the lower and upper 
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limits in the x-axis direction in Cartesian coordinates inside the study area (∈ A); Ymin and Ymax are, respectively, 

the lower and upper limits in the y-axis direction in Cartesian coordinates inside the study area (∈ A). 

The issue of selecting GMPEs for PSHA has always been challenging (e.g. Danciu et al. 2007; Delavaud et al. 

2012; Skarlatoudis et al. 2013). For simplicity, the Zhao et al. (2006) model is the only GMPE employed in this 

study to approximate the assumptions of ESHM13. We acknowledge that the impact of GMPE selection on the 

final short-term time-dependent PSHA is an interesting topic for future investigation but it is outside the scope of 

this study. 

The short-term (daily) time-dependent PSHA is performed by substituting the rate 𝜆(𝑀 > 𝑀𝑚𝑖𝑛) in Equation (2)

by the forecasted number of events obtained from the robust seismicity framework (e.g. that corresponding to 

sequence A) and over the forecasting time interval (24 hours in the present study). The other parameters have the 

same definitions and values as those used for the background (time-independent) hazard calculations [see also 

Azarbakht et al. (2022)].  

It is worth emphasising that the employed robust seismicity forecasting model (Ebrahimian and Jalayer 2017) has 

the crucial feature of combining Bayesian inference with a sophisticated simulation technique [namely, Markov 

Chain Monte Carlo (MCMC)] to update the ETAS model parameters. This framework enables different sources 

of uncertainty to be considered, i.e., the uncertainties in the ETAS model parameters and the variations in the 

sequence of events that may happen during the forecasting interval. This forecasting framework explicitly takes 

into account two sources of uncertainty: (1) the uncertainty in the ETAS model parameters conditional on the 

catalogue of observed events that are available prior to the forecasting interval's origin time, and (2) the 

uncertainty in the simulated sequence of events during the forecasting time interval. The results of this framework 

include the mean and confidence interval for the estimated number of occurrences, corresponding to a specific 

forecasting interval, as well as the spatial distribution of the anticipated events (as will be discussed in Figure 2). 

It is important to note that epistemic uncertainty in the hazard calculations is generally taken into account by 

employing several GMPEs and a sophisticated logic-tree, in addition to other uncertainties that are considered in 

the adopted framework, such as Bayesian inference and MCMC simulations in the ETAS forecasting model. A 

simple logic-tree has been chosen in the current study, however, because rapid computation is an important 

requirement for generating useful OEF products. Future studies could determine a more appropriate logic-tree for 
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this region. Also, future research should focus on taking into account uncertainties from other sources, including 

the PSHA and forecasting algorithms. 

4 RESULTS AND DISCUSSION 

As previously stated, the seismicity forecasting model developed by Azarbakht et al. (2022) has been used to 

undertake time-dependent PSHA in this investigation. In the case of sequence A, Tstart is set at 02:00 UTC, and 

the prediction interval is one day (24 hours). Tstart is almost an hour and 45 minutes after the sequence’s mainshock 

(see Table 1) to obtain enough aftershock events following the mainshock and properly adapt the forecasting 

model to the characteristics of the sequence. The mainshock of Sequence A had a magnitude of 6.5 and occurred 

towards the northeast corner of the considered aftershock zone, at 38.39N and 22.28E.  

Figure 2 depicts the anticipated short-term spatial distribution of seismicity in the study area in terms of the mean 

plus 2𝛔 (98 per cent confidence interval) over the forecast timeframe of one day (24 hours) following Tstart of 

02:00 UTC on 15 June 1995. The observed earthquakes that occurred during the associated predicted interval are 

also shown. The colour bar in Figure 2 depicts the expected frequency of occurrences (per day and per km2) of 

events of magnitude ≥ Ml (in this case, Ml=Mc=3.4). Mc is computed (Wiemer 2001) using the sequence of events. 

The epicentral zone is expected to show increased seismicity, as indicated in Figure 2. 

In the bottom-left corner of Figure 2, the probabilities of exceeding various magnitude thresholds (ranging from 

4.5 to 7.5) are depicted. Since the greatest magnitude in ESHM13 (Giardini et al. 2013; Woessner et al. 2015) for 

all the area sources in the study region is between 7.2 and 8.1, the upper limit for the magnitude is assumed to be 

7.5 for simplicity (for details see Azarbakht et al. 2022). The probabilities displayed at the bottom of Figure 2 

apply to an event occurring anywhere within the study area and should not be regarded as a prediction of a specific 

occurrence at a specific location. The combination of anticipated numbers over all cells yields these probabilities. 

For example, the probability of experiencing Mw ≥ 4.5 on the first day after a mainshock anywhere in the study 

area is 0.70. This forecast is plausible because only two Mw ≥ 4.5 occurrences were observed in this time span 

(Figure 2), and can be compared to the forecasted number of events, which is one in this case. 

Figure 2 shows the forecasted number of events within the aftershock zone with Mw ≥ 4.5 (the minimum 

magnitude assumed in ESHM13 for seismic hazard calculations). The forecasted 50th percentile (the median value, 

equivalent to the logarithmic mean in an arithmetic scale), the 84th percentile (logarithmic mean plus one 
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logarithmic 𝛔 in an arithmetic scale), and the 98th percentile (logarithmic mean plus two logarithmic 𝛔 in an 

arithmetic scale) are indicated by the first, second, and third numbers, respectively (all are one in this case). The 

fourth number (within the parenthesis) represents the number of events observed (two in this case). The forecasted 

numbers of events are in good agreement with the observed data, as shown in Figure 2. This is a built-in criterion 

for evaluating the forecasting algorithm's quality. It is worth noting that the forecasted number of events is 

calculated as a real number, but it is rounded to the nearest integer. As a result, as seen in Figure 2, several 

percentiles for a given time interval are the same. 

As the forecasted and observed number of events are in good agreement for both considered sequences in Table 

1 (as well as four other sequences previously studied), we rely on this short-term seismicity model and conduct a 

time-dependent PSHA (Azarbakht et al 2022) on this basis to assess the UHS and hazard disaggregation. The 

results for Patras of the conventional and time-dependent PSHA are displayed in Figure 4 which shows the daily 

probability of exceedance on the left and the daily rate of exceedance on the right. Then, to account for the 

summation of background seismicity (from conventional PSHA) and short-term seismicity, 𝜆(𝑀 > 𝑀𝑚𝑖𝑛) is

altered with the expected number of occurrences within the forecasting interval (herein, one day) arising from the 

implemented seismicity forecasting framework. Based on this enhanced short-term seismicity, the hazard integral 

(Equation 2) is recalculated. Figure 3 shows the results of this time-dependent PSHA for Patras on 15 June 1995, 

in the left (median daily probability of exceedance) and the right (median daily rate of exceedance) panels. It is 

worth mentioning that the occurrence of earthquakes of interest is considered to be modelled by a Poisson process. 

Hence, the annual frequency of exceedance generated from the long-term (time-independent) hazard is converted 

to the daily rate (by dividing by 365) and then transformed into the daily probability of exceedance using the 

Poisson distribution for comparison with standard PSHA. Because short-term seismicity during aftershock 

sequences can only enhance long-term hazard, the conventional hazard curve represents a lower bound for this 

short-term hazard curve. It is worth noting that, as seen in Figure 3, the time-dependent hazard approaches the 

conventional hazard at high levels of PGA. This is because the largest difference between these two curves occurs 

at short hazard values due to the ongoing seismic sequence. That is why the focus of the present study is on short-

term hazard levels, which are of great interest for first responders during an earthquake sequence. To better 

elaborate on this phenomenon we were inspired by McGuire (2012) to assess the statistical significance of the 

results. McGuire (2012) concluds that if a seismic hazard study uses an alternative assumption or parameter and 

it changes the calculated mean hazard by less than 25% for ground motions corresponding to 10-4 annual frequency 

of exceedance, and by less than 35% for ground motions corresponding to 10-6 annual frequency of exceedance, 
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then that potential change is less than the best level of confidence possibleTherefore, the change might be 

considered negligible. Therefore we illustrate the time-dependent and the conventional annual frequency of 

exceedance in Figure 4 (left) and the corresponding ratio of the two curves in Figure 4 (right). As can be seen in 

Figure 4 (right), the ratio of time-dependent hazard over the conventional one is always more than two even at 

very large return periods (small annual frequenues of exceedance). Hence, we can conclude that the short-term 

hazard is statistically significant, especially in the days following the mainshock.This statistical significance  

decays with time.  

Figure 2. The spatial distribution of the seismicity (the map reports the mean+2𝛔 confidence interval, i.e. 98th 
percentile, for the number of events per km2) in the aftershock zone for 15 June 1995 (sequence A in Table1). 
The forecast interval is 24 hours, starting from 02:00 UTC. The probability of having a magnitude greater than 

or equal to a given magnitude is shown in the figure’s bottom-left corner. The forecasted numbers of events 
with M≥4.5 are shown in the bottom-right corner. The first, second, and third numbers indicate the 50th, 84th and 

98th percentiles. The fourth number (in the parenthesis) indicates the observed number of events. 
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Figure 3. Short-term PSHA for Patras for 15 June 1995 (sequence A in Table 1) and the forecast interval equal 
to 24 hours, and starting time from 02:00 UTC, (left): the short-term time-dependent daily probability of 

exceedance versus PGA and comparison with the conventional daily hazard curve, and (right): short-term time-
dependent daily rate of exceedance versus PGA and comparison with the conventional daily hazard curve. 

Figure 4. (left): short-term versus conventional annual frequency of exceedance versus PGA for Patras for 15 
June 1995 (sequence A in Table 1) and based on the forecast interval equal to 24 hours, and starting time from 

02:00 UTC, (right): the ratio of the short-term time-dependent annual frequency of exceedance (red curve in the 
left subplot) over the conventional annual frequency of exceedance (black curve in the left subplot) versus PGA. 

The UHS curves for four return periods are shown in Figure 5. The one-year return period (99. 9̅ per cent 

probability in 50 years) is chosen to represent a rational short timeframe of potential interest for emergency first 

responders. Infrastructures' serviceability criteria are usually associated with an event with a ten-year return period 
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(99.5 per cent probability in 50 years). The 475- and 2475-year return periods (10 and 2 per cent probability in 50 

years, respectively) are also plotted here. These are the most common seismic hazard levels for the design of 

infrastructures corresponding to limit states of, e.g., immediate occupancy, life safety and collapse prevention. In 

Figure 5 the solid black line represents time-independent (conventional) UHS and the dashed red line shows the 

time-dependent UHS. The shortest return period shows the highest difference between the two UHS. It is worth 

mentioning that all the cases in Figure 5 are for the 24-hour forecast following the mainshock in sequence A. The 

same information for sequence F (the most recent large earthquake in the study area) is shown in Figures 6 and 7, 

respectively, for 26 and 29 October 2018. By comparing Figures 6 and 7, it can be inferred that the time-dependent 

UHS have decayed with time. Hence, we can imagine that the difference between time-dependent and 

conventional UHS gets lower as time passes. The period of heightened hazard only lasts a few hours/days 

following a mainshock. Therefore, the speed of any OEF platform and the speed of the first responder's decisions 

are vital in the first golden hours following a severe mainshock. Besides, by comparing Figures 5 and 6, it is 

revealed that the mainshock’s distance to the site is a key parameter influencing the UHS. The sequences A and 

F are, respectively, 50 km and 126 km from Patras. The heightened seismic hazard, as seen in Figures 5 and 6, is 

more significant for sequence A, which is nearer.  

Variations in uniform hazard spectra and disaggregated scenarios during earthquake sequences
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Figure 5. The long-term UHS (solid-line) and the short-term UHS (red dashed line), based on the 24-hour 

forecast on 15 June 1995 at 02:00 UTC, sequence A in Table 1, (top-left): 99. 9̅ per cent probability in 50 years 

equal to 1-year return period, (top-right): 99.5 per cent probability in 50 years equal to 10-year return period, 

(bottom-left): 10 per cent probability in 50 years equal to 475-year return period, (bottom-right): 2 per cent 

probability in 50 years equal to 2475-year return period.  

Figure 6. As for Figure 5 but for sequence F in Table 1 on 26 October 2018 at 00:00 UTC. 
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Figure 7. As for Figure 5 but for sequence F in Table 1 on 29 October 2018 at 00:00 UTC. 

To demonstrate this observation more clearly, the ratio of time-dependent UHS to the time-invariant UHS, here 

called “spectrum amplification”, based on Figure 5 is shown in Figure 8 for different return periods. As seen in 

Figure 8, the time-dependent seismicity has the most influence at long structural periods, i.e. it reaches almost 1.7 

and 2.4 in the cases of 10- and 1-year return periods, respectively, for structural periods greater than 1s. The 

spectrum amplification is almost the same for 475 and 2475-year return period cases and around 1.1 to 1.2 for all 

structural periods. The spectrum amplification approaches unity when enough time passes after the mainshock 

origin time.  
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Figure 8. The ratio of time-dependent UHS over time-invariant (conventional) UHS (see Figure 5) in Patras for 

a 24-hour forecast on 15 June 1995 at 02:00 UTC for different UHS cases corresponding to four return periods 

(sequence A in Table 1).  

Seismic disaggregation, illustrated in Figures 9 to 11, is another important product of PSHA. In Figures 9 to 11 

the left column is for conventional PSHA and the right column is for time-dependent PSHA. All plots are for a 

24-hour forecast following the mainshock, Figure 9 is for sequence A on 15 June 1995 at 02:00 UTC, Figure 10

is for sequence F on 26 October 2018 at 00:00 UTC, and Figure 11 is for sequence F on 29 October 2018 at 00:00 

UTC (see Table 1). In the top subplots, the horizontal axes are the moment magnitude and the distance between 

Patras (38.24E and 21.73N) and the mainshock’s epicentre. The vertical axis represents the contribution of each 

(M, R) pair to the total hazard. Therefore, the peak in this subplot is considered the dominant scenario (see also 

Ebrahimian et al. 2012) as its contribution to the hazard is more significant than the other combinations of (M, 

R). As an example, as seen in Figure 9 top subplot figures, the dominant scenario has shifted to the farthest 

distance, and also multiple peaks can be seen in the time-dependent case. In other words, the forecasted dominant 

scenario for the next 24 hours following the mainshock contains wider magnitudes at a farther distance when 

compared to the long-term seismic hazard. However, by comparison of the two top subplots in Figures 10 and 11, 

it is inferred that the dominant scenario has stayed almost the same in terms of distance between the background 

and time-dependent hazard. Additionally, in all three cases, the forecasted dominant magnitude has a lower 

contribution (more peaks can be seen) than the dominant magnitude in the background seismic hazard. However, 
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large (Mw~6.5) earthquakes at moderate distances (~ 50-100 km) contribute more to the time-dependent hazard. 

This is because the mainshock in sequence F is 126 km from Patras (see Table 1).  

As previously described, the disaggregation results, as well as the corresponding dominant scenario, are associated 

with a given point on the hazard curve. Therefore, this procedure is repeated for all the considered points on the 

hazard curves for different structural periods. The obtained results for magnitude are shown in the middle subplots 

in Figures 9 to 11, in which the left subplot is for conventional PSHA and the right subplot is for time-dependent 

PSHA. Additionally, the obtained results for distance are provided in the bottom subplots in Figures 9 to 11, in 

which the left subplot is for conventional PSHA and the right subplot is for time-dependent PSHA. As seen in 

Figures 9 to 11 middle and bottom graphs, the x-axis is the structural period and the y-axis corresponds to the 

Sa(T1,5%) at which the associated hazard curve has been disaggregated. In other words, low Sa(T1,5%) values 

represent high probabilities of exceedance over the lifetime of a given infrastructure (long return periods) and vice 

versa. As seen in the middle graphs in Figures 9 to 11 a comparison of the short-term and conventional hazard 

reveals that based on the short-term (time-dependent) hazard the chance of moderate magnitude events 

contributing to long structural periods and low return periods has increased. Additionally, the chance of large 

magnitude events contributing to short structural periods and long return periods has decreased. In other words, 

the chance of having a large event after a severe mainshock is low. The same comparison can be made between 

the bottom subplots which represent the dominant distance scenarios. The distant events for long structural periods 

at short return periods have increased when we compare the bottom subplots in Figures 10 and 11. However, this 

chance is significantly increased in Figure 9 (bottom subplot figures) for all structural periods, especially for short 

return periods.  

Overall, the chance of large earthquakes (Mw 6 to 7) at around 25 km has increased, which mostly affects long 

structural periods at short return periods. This graphical representation summarises all the disaggregation results 

in a single figure, which is a useful complement to UHS. This novel presentation facilitates the end-user’s 

understanding of forecasted dominant scenarios for the next 24 hours. Hence, it can be useful within a multi-

disciplinary decision-making process as part of an earthquake risk management platform.  
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Figure 9. The left column figures represent time-independent results and the right column figures correspond to 

the time-dependent case in Patras for a 24-hour forecast on 15 June 1995 at 02:00 UTC (sequence A in Table 1). 

Top figure: seismic disaggregation of hazard corresponding to Sa(T=1,5%)=0.1 g, middle figure: dominant 

moment magnitude scenarios for all disaggregation cases, bottom figure: dominant distance scenarios for all 

disaggregation cases.  
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Figure 10. As for Figure 9 but for sequence F in Table 1 on 26 October 2018 at 00:00 UTC. 
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Figure 11. As for Figure 9 but for sequence F in Table 1 on 29 October 2018 at 00:00 UTC. 

5 CONCLUSIONS 

A time-dependent seismic hazard model has been implemented for western Greece, one of the most seismic prone 

regions in Europe. Two recent seismic sequences (from 1995 and 2018) were selected to be retrospectively 

investigated in order to compare the results of time-invariant and time-dependent seismic hazard assessments. 

Uniform hazard spectra and disaggregated seismic scenarios were chosen as two outcomes of PSHA that are 

useful for engineering. The variation in uniform hazard spectra and the dominant seismic scenarios were assessed 

directly after each mainshock and also a few days after the mainshock. For this purpose, four return periods were 
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considered to cover different engineering interests: short-term hazard variation for first responders, mid-term 

variations for serviceability and long-term variations for design. The results revealed that the short-term increase 

in the spectra is more significant at short return periods and for long structural periods. This increase decays 

rapidly with time since the mainshock.  

The disaggregation results are presented in a novel manner to enable interpretation of the possible dominant 

scenario by means of magnitude, distance, structural period and ground-motion level. The proposed 

disaggregation presentation enables end-users (e.g. decision-makers) to compare the forecasted dominant 

earthquake scenarios from the background and the time-variant seismic hazard model during a period of 

heightened seismic hazard.  

The results of this study can be used in regions with a high potential for aftershocks. The short-term hazard 

variations may be useful for first responders when developing search and rescue plans. They may also be relevant 

for industrial facilities when deciding whether to continue or restart their operations during seismic sequences. 

The mid- and long-term results could be compared to conventional hazard models to help understand how the 

engineering demand structures might experience during a severe seismic sequence varies with time. In addition, 

the results may of interest when assessing the earthquake response of structures for which cumulative damage 

plays an important role as a seismic sequence may impose un-predicted engineering demand and hence 

unexpected damage to the structure. Finally, seismic codes could use these models to assess the potential impact 

of heightened hazard when designing critical infrastructure.  
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