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Insurance prolicies: used by private individuals and asset owners to protect 
their assets against financial damage caused by earthquakes in exchange of a 
regular and known payment called premium.  

Cat bonds: used by insurance companies, governments or financial institutions 
to transfer part, or the full financial risk, to the capital market (high rates of 
return /low time to maturity (typically, 3 to 5 years)):  

Cat bond price=Interest rate model, pay-off model, aggregate loss model 
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risk-based cat bond pricing framework followed by a description of the proposed time-dependent aggregate loss model. The
paper then shows an implementation of the proposed model using a case study analysis on five Italian municipalities. Finally, the
influence of time-dependency on loss estimation and cat bond pricing is studied using a sensitivity analysis.

2 OVERVIEW OF RISK-BASED CATASTROPHE BOND PRICING

Pricing of risk-based catastrophe bonds involves developing peril specific catastrophe models: hazard, exposure, vulnerability
and financial (Hofer et al. 2020, Mistry and Lombardi 2022 2023). The hazard model addresses the following four questions:
(i) What is the location of potential events?; (ii) How large or severe the events are?; (iii) What is the occurrence frequency
of these events?; (iv) what is the hazard intensity of event in the affected region?. The first three questions are answered by
generating multiple stochastic earthquake catalogs which includes large number of simulated earthquakes events representing
broad spectrum of plausible events. For the last question, the hazard intensity for each event in the affected region is estimated
using Ground Motion Model (GMM) along with local site conditions and other seismic parameters (such as magnitude, source
to site distance, style of faulting, inter- and intra-event variability). The exposure model defines key attributes of all the exposed
assets which includes location, type of construction material, number of storeys, number of dwellings, economic activity type,
built-up area and replacement cost. The vulnerability model explains the damage caused to the asset given an occurrence of event
with specific intensity level. These can be modelled using fragility and consequence functions. The former defines the probability
of exceeding a damage state conditioned on the intensity measure, while the later defines range of damage ratios corresponding
to each damage state. The convolution of hazard, exposure and vulnerability model provides the cumulative distribution function
for loss which is further used as an input in the financial model. The financial model is comprised of three sub-components: (i)
interest rate model; (ii) aggregate loss model; (iii) payoff functions. The interest rate model defines the rate of interest to be
paid to the investors over different levels of maturity time. The aggregate loss model describes the frequency of events and their
severity in terms of losses over time. The payoff function explains about the triggering mechanism of payment and the amount to
be paid to sponsor and investor in case of occurrence/non-occurrence of trigger event during the period of contract.

2.1 Aggregate loss model

The aggregate loss model is a compound process with two underlying stochastic processes: (i) catastrophe events process, N(t);
(ii) catastrophe severity process, Xn. The former process simulates the occurrence of events at time, t, while the latter describes
the severity of events at time, t. This model is based on following three assumption Ma and Ma (2013):

1. A Poisson point process N(t) (t 2 [0, T]) with intensity parameter �, is used to describe the occurrence frequency of
potential catastrophic event of a specific magnitude. The time instants of potential catastrophic events is denoted as
0  t1  ...  tn  ...  T . Here T denotes the total length of the cat bond contract.

2. The trigger mechanism is defined as the aggregate loss (Lt) exceeding a loss threshold level (D), mathematically trigger
event is expressed as: ⌧ = inf {t : L (t) � D};

3. The severity of catastrophic events at time tn is modelled as a random variable {Xn}n=1,... which is independent and
identically distributed. The cumulative distribution function is expressed as F (x) = P (Xn < x).

Mathematically, aggregate loss at a specific time, L(t), can be expressed as:

L (t) =
N(t)X

n=1

Xn (1)

The cumulative distribution function of aggregate loss is expressed as:

F (D, T) =
1X

n=0

e–�T (�T)n

n!
Fn(D) (2)

where � is the intensity parameter; Fn(D) is the nth convolution of F (x) = P (Xn < x). The intensity parameter � is calibrated
using the temporal occurrence of earthquakes within a specific region. For the catastrophe severity process, Xn, the cumulative
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Example operational (real-time) system:  
M7.8 Central Turkey - 06/02/2023

PAGER (USGS)

Fatalities 
P(0.35) 10 000 /100 000 
P(0.87) 1 000  >100 000 

09/2023: 59 000 fatalities 

Economic USD (million) 
P(0.35) 10 000 /100 000 
P(0.91) 1 000  >100 000 

09/2023: 40 $bn 



Cost of some earthquake disasters
Pothon et al., NHESS, 2019 - Mistry, Hernandez, Guéguen, Lombardi, Risk Analysis 2024

Protection gap: the cost of catastrophe to society 
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F I G U R E 1 Economic loss for selected earthquakes around the world between 2009-2022.

Cardenas et al. (2007) calibrated cat bond for Mexican earthquake using parametric type of trigger mechanisms which rely
on the characteristics of the earthquake in a particular zone (also called cat-in-a-box). The main drawback of this approach is
that it introduces higher levels of errors. Later these errors were minimized by using optimization algorithms that accounts
for correlation between trigger parameters and event losses (Franco 2010, Bayliss et al. 2020). Härdle and Cabrera (2010)
introduced a hybrid type of trigger mechanism and calibrated earthquake cat bond price for Mexico. This approach is based on
the combination of modelled earthquake losses and parametric triggers based on parameters such moment magnitude exceeding
a certain threshold Shao et al. (2016 2017) proposed a framework for pricing nuclear catastrophe risk bonds with three layers of
risk categories: major, accident and incident; the transition from one damage state to another was modelled using a semi-Markov
Chain Monte Carlo approach. Hofer et al. (2019) introduced risk-based cat bond pricing formulations to account for uncertainties
in the event arrival rate and loss severity. Based on these formulations Hofer et al. (2020) presented a study where cat bonds
were calibrated using simulated loss data obtained from simplified cat models. Later, Mistry and Lombardi (2022) proposed
further enhancement in the risk-based cat bond pricing procedure by developing high resolution hazard and exposure models.
Recently, Mistry and Lombardi (2023) proposed a stochastic approach to account for uncertainty associated to asset location and
attributes within the risk-based cat bond pricing procedures.

So far studies on risk-based cat bond pricing have used time-independent catastrophe models, which are based on the
assumption that the occurrence of events within a given year is independent of each other (Hofer et al. 2020, Mistry and Lombardi
2022 2023). Such assumption implies that losses are caused by mainshocks while fore- and aftershocks yield no damage.
However, recent earthquakes, such as the 2011 Tohoku, 2011 Christchurch, and 2016 Amatrice, have shown that aftershocks can
also cause extensive damage, thus highlighting the need to study the effects earthquake sequences in loss model evaluation and
cat bond pricing(Cousins et al. 2012, Stewart et al. 2018, Swiss Re 2019). There are very few studies focusing on including
these effects within the seismic risk assessment framework for spatially distributed assets. The few available studies modelled
these effects using fitted model for aftershocks representation (Shome and Williams 2014, Shokrabadi and Burton 2019) or by
using epidemic-type aftershock sequence model (Ogata 1998, Zhang et al. 2018). Recently, Papadopoulos and Bazzurro (2021)
studied the effects of seismicity clustering and damage accumulation on spatially distributed assets in the Umbria region in
central Italy. Additionally, they developed damage-dependent fragility functions for the typical Italian building stocks. All the
above studies concluded that neglecting the earthquake sequencing effects may lead to extensive underestimation of losses.

Building upon these studies, the present study make an attempt to propagate the earthquake sequencing effect in the financial
model, more specifically in the aggregate loss model which is one of the key component for pricing risk-based cat bonds. The
paper presents a time-dependent aggregate loss model that accounts for the seismicity clustering and damage accumulation due
to earthquake sequences. Moreover, we investigate the influence of time-dependency on the loss estimation and cat bond price.
The structure of remaining part of the paper is as follows: first we provide an overview of different components involved in the
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2023 Turkish Sequence 
Mw7.8/7.5

Total loss     $34bn

Insured loss $3.5-5bn

12% source: World bank

             Hannover-Re

Reasons of low insurance penetration are uncertainties when pricing insurance policies and cat 
bonds, low risk perception, household and income demographics and affordability  

 



Global earthquakes losses 
LEQ445 flat file (Dollet and Guéguen, 2022): all earthquakes

Losses database - LEQ445 from EM-DAT, CATDAT, Desinventar


Hazard module 
M,lat-lon,Depth:->Epicentral intensity

Exposed area (MMI>V) from USGS Shake-Map


Exposure module - Adjustment to a reference date 2016  

Social model: Exposed population at the time of the earthquake from Global Urban 
Settlement (European Commission 2018) + UN Country population growth


Economic model: Exposed GDP : GDP per capita at the time of the earthquake + Consumer 
Price Index conversion


Risk module 
Average Annual Losses AAL - Non-stationary Poissonian process (population and 
economy global growth)

Main issues 
How to we get an early and reliable estimate of losses? A la GMM 
Were the observed losses expected? A la GMM residual distribution 
Is this event a one-off in terms of losses? A la LPHC definition 
What are the annual occurrence of losses? A la GR model - catalogue completude 



Global earthquakes losses 
LEQ445 flat file (Dollet and Guéguen, 2022): all earthquakes at a glance

Natural Hazards 

1 3

Figure 10a represents the cumulative fatalities and the ratio of the cumulative fatali-
ties over cumulative exposed population [ F∗∕Pop∗

exp
 ] over the period 1967–2018. One 

characteristic of the L$ time histories is that earthquakes with large death tolls are 
superimposed on a smooth background trend, in relation with the growth of the global 
population (Holzer and Savage, 2013). Earthquakes with large death tolls are clearly 
shown on the cumulative total fatalities (Fig. 10a). Actually, the two major jumps cor-
respond to the earthquakes that contributed the most to human losses over the consid-
ered period: the Tangshan (China, M = 8.2) and Guatemala (M = 7.5) earthquakes in 
1976 with more than 250,000 victims in total, and the Haiti earthquake (M = 7.2) in 
2010 with more than 200,000 victims (estimates range between 45,000 and 316,000) 
(Fig. 10a).

Similarly, Fig. 10b shows the evolution of cumulative economic losses L$ and the 
cumulative ratio [L$∗∕GDP∗

exp2016] over the period 1967–2018. As for human losses, the 
ratio of cumulative L$ increases between 1967 and 2018, with significant earthquakes 
superimposed to a smooth background trend with relatively constant rate. The major 
earthquakes that produced economic losses are clearly showed in Fig.  10b: in 1976 
(Tangshan earthquake China M = 7.6), 1980 (Irpinia earthquake Italy M = 6.9), 1994 
(Northridge USA earthquake M = 6.7), 1995 (Kobe earthquake, Japan M = 7.2), 2008 
(Sichuan earthquake China M = 8) and 2010–2011 (including New-Zealand earth-
quakes sequences with M ranging from 5.3 to 7, Chile 2010 earthquake M 8.8 and 
Tohoku earthquake Japan M = 9.1). These five earthquakes sequences represent 52% of 
all economic losses over the considered period.

Over the same period, the F∗∕Pop∗
exp

 and L$∗∕GDP∗
exp2016 decreased (Fig. 10), from 

1975 onwards for F∗∕Pop∗
exp

 and from 1995 onwards for L$∗∕GDP∗
exp2016 . This trend 

could be explained by the overall improvement of seismic constructions. With more 
widespread implementation of the seismic rules introduced in the 1980s (Laub 1997; 
Gülkan and Reitherman 2014), the direct economic and human losses associated with 
damage that represents a large portion of the total losses in the flat file, decrease in 
relation to the exposure. Mitigation programmes (i.e. the 1999 International Strategy 
for Disaster Reduction (ISDR, Spence 2004), the 2005 Hyogo (HFA, UNDRR 2007) 
and 2015 Sendai (UNDRR 2015) might also have helped to reduce social and eco-
nomic losses as a proportion of the exposed population and GDP per capita. These 

Fig. 10  Temporal evolution of cumulative a social (F* and F∗∕Pop∗
exp

 ) and b economic (L$ and 
L$∗∕GDP∗

exp2016
 ) losses for the flat file earthquakes from 1967 to 2018. * means cumulative

F

F/PO
Pexp

L$

L$/G
DPexp

1900         1920          1940        1960         1980         2000         2020

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0

     Year    

M
ea

n 
C

on
s.

 p
ric

e 
In

de
x 

C
P

I

Gatt 

1947

OMC

1994

Subprime

2008

Guatemala76

China76

Haiti10

China76
Irpinia80

Kobe95

Sichuan08

N Zealand10

Chili10


Tohoku11Sichuan08

Iran90

Losses 
    76% of M5.6-7.3 
       Economic: 46% 
          Casualties: 39% 

Statistical analysis 
(Kurtosis, skewness) 
Moderate earthquakes:            
    majority of cumulative 
losses 
Strong earthquakes:  
     significant losses 

Mitigation 
Losses increase:  
      exposure 

Losses/exposure decrease: 
      ->Global improvement 
of seismic design (Gülkkan 
and Reitherman, 2014) 
      ->Efficay of UN 
mitigation programme 
(Shreve and Kelman, 2014 ; 
Nations Unies, 2015) 



1999 versus 2023 Turkish earthquake losses

2023 
USGS - Macroseismic Intensity: VIII-IX

Global Human Settlement - European Commission


Exposed population 2023:                  48,806,841  (56% of the total Turkish population)

GDP per capita:                                   9,660 $ (2022)


Losses 2023 $US: +34bn$

Fatalities: 59,259  (Turkey+Syria)
 1999-Izmit earthquake 

Macroseismic Intensity: IX

Exposed population 1999:   21,654,157


Losses 2016: 26bn$ (CPI conversion)

Fatalities: 17,242



Turkish earthquakes (non exhaus.) 
LEQ445 flat file (Dollet and Guéguen, 2022)

Date Mw Io $L (2016)       
106 $US

GDPc 
$US

GDPexp|MMI>VI 
106 $US

POPexp|MMI>VI 
106 F

1970 7.4 IX 574 4 787 38 555 8 1 086
1975 6.6 VII-VIII 206 5 633 22 923 4 2 367
1976 7.0 VIII-IX 281 6 081 67 606 11 4 227
1986 6.0 VII 45 6 731 42 138 6 13
1992 6.6 VIII 1 166 7 861 84 748 11 653
1995 6.4 VIII 334 8 295 80 208 10 94
1998 6.2 VIII 985 9 349 481 098 51 145
1999 7.6 IX 25 669 8 893 192 577 22 17 242
1999 7.1 VIII-IX 1 313 8 893 357 399 40 816
2003 6.3 VIII-IX 168 9 448 45 809 5 179
2010 6.1 VII-VIII 35 12 102 156 659 13 45
2011 5.8 VI-VII 287 13 249 75 262 7 2
2011 7.2 VIII 1 235 13 249 808 452 61 614

2023 7.8 VIII-IX 34 000 9 660 471 488 49 59 259

Total 66 298 86 741

2023 contrib. 51 % 68 %

Source: 09/2023



                        2023        1999

L$2016/GDPexp   0.8 10-1      10-1


Turkish earthquakes (non exhaus.) 
LEQ445 flat file (Dollet and Guéguen, 2022)

                    2023        1999

F/POPexp   10-3          0.8 10-3


Year

Year

Earthquake-resistant design failure: 1999, 2003, 2011, 2023



Turkish earthquakes 
Pattern of the seismic damage at urban scales: the Turkish paradox 

2020 1999

2023 2023



Full earthquake sequences 
mainshock-aftershock sequence

Cousin et al., 2012 - Five times more losses due to aftershocks Christchurch earthquake 

Shokrabadi and Burton, 2019 - The aftershock-induced losses during the same period (Los Angeles) were estimated at 
approximately 30% of the losses due to the mainshock.  

In Turkey’s insurance contracts, the earthquake event definition is usually governed by a 72 hours clause. However, 
separating losses from different events ideally requires visits from loss adjusters between occurrences. In practice, this is 
rarely possible within a few days or even weeks. This situation introduces uncertainty in determining the actual event loss. 



Central Italy Time-dependent PSHA
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F I G U R E 2 Five municipalities located in central Italy selected for case-study implementation: (i) Perugia (dark blue); (ii)
L’Aquila (red); (iii) Terni (light blue); (iv) Norcia (salmon red); (v) Amatrice (green).

F I G U R E 3 Representation of the workflow implemented for investigating the time-dependency in risk-based cat bond pricing framework.
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Central Italy Time-dependent PSHA 
Risk module

Mistry, Hernandez, Guéguen, et al. 2024 - Risk Analysis
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F I G U R E 12 Annual exceedance probability of losses for TI-model (solid line) and TD-model (dashed line): (a) large
municipalities: Perugia, L’Aquila and Terni; (b) small municipality: Norcia and Amatrice.

F I G U R E 13 TI-model: spatial distribution of losses (in Cmillion) for 475-year return period.
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Perugia experiences highest AAL estimate (C15.6mn) followed by L’Aquila (C11.3mn), Terni (C8.78mn), Norcia (C0.81mn)
and Amatrice (C0.55mn). In case of TD-model, an average amplification of 3.64 is observed in the AAL estimates for all the
municipality. Figure 16b presents the two sets of cumulative distribution function for losses for TI- (solid lines) and TD-model
(dashed lines) which are further used as an input for respective aggregate loss model. These functions are obtained by fitting
a lognormal distribution to the simulated loss data. The estimated mean and standard deviation of lognormal distribution are
presented in appendix (see Appendix A).

F I G U R E 16 (a) Average annual losses for TI-model (light grey) and TD-model (dark green). AF denotes amplification
factor. (b) cumulative distribution function for losses: TI-model (solid line) and TD-model (dashed line).

3.5 Pricing risk-based catastrophe bonds

The price of cat bonds are estimated by combining the interest rate model, aggregate loss model and payoff function. In this
study, we use the Cox-Ingersoll-Ross (CIR) model (Cox et al. 1985) as the interest rate model along with the zero-coupon payoff
function. Detailed pricing equations are provided in the appendix (see Appendix B). We calibrated the CIR model parameters
(✓ = 3.03%, � = 5.59%, k = 0.0533, �r = –0.01, r0 = 3.03%) by using 3-month maturity US monthly treasury bill data ranging
between 1994-2022. For both TI- and TD-model, cat bond are priced at face value of C1 at time t = 0 for different levels of time
to maturity, T 2[0.25yrs, 3yrs] and loss thresholds, D 2[C0.01mn, C5000mn]. In case of TI aggregate loss model, a single
intensity parameter (� = 0.5) for equation 2 is estimated as the mean intensity parameter of all the seismic source zone from the
hazard model. On the other hand, for TD aggregate loss model, the intensity parameter for each level of time to maturity T is
calculated using the equation 4. The summary of steps involved in estimating intensity parameter for TD-model are as follows:

1. Generate 100,000 realisation of 3-year long TD stochastic earthquake catalog using the ETAS model which represents
100,000 years of seismicity for 3 consecutive years.

2. For each realisation split the 3-year long stochastic catalog into 36 sub-catalogs representing each month (3-year = 36
months).

3. Compute the total intensity at ith time to maturity Ti by adding the background intensity rate with the summation of
aftershock intensity rate from all the events that occurred until time Ti.

4. Finally, repeat steps 2-3 for all the 100,000 realisation and take the mean of total intensity value for each month.
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Models for Economic and Human losses  
caused by earthquakes 

Take-away messages 
•Moderate-size earthquakes contribute to about 40% of the total losses 
•A huge benefit (1/3) of seismic loss reduction policy: a decrease of the 

losses (economic and social) to exposure model ratio 
•Central Italy: Aftershocks sequence contributes to about 2/3 of the total 

AAL

Merci de votre attention

Outlooks 
•Testing ESRM20 model in France: exposure model 
• Improvement of the damage/loss models: between-event, within-event, 

host-to-target… 
•2023 Turkish aftershocks sequence: ETAS for a finit-fault 


