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Groningen earthquakes 1

+ One of the largest gas fields in the
world (2800 billion cubic metres).

+ Large profits for Dutch government. 2

— Gas extraction induces earthquakes
in the northern part of the
Netherlands.

Latitude

— Damage to houses, declining house
prices, etc.

= Production lowered to 21.6
bcm /year. )

5
Longitude
Source: https://www.knmi.nl/kennis-en-datacentrum/dataset/aardbevingscatalogus
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https://www.knmi.nl/kennis-en-datacentrum/dataset/aardbevingscatalogus

Groningen: underground 2
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Earthquake magnitudes 3

Magnitudes and energy

Relation between earthquake magnitudes (Richter scale) and seismic energy
at the epicentre (in M J):

N log;, (%) 1 In (%)

= = 1
1.5 1.5In10 +

> High intensities possible for low magnitude earthquakes since shallow
origin (3 km depth).
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Maximum possible earthquake magnitude 4

Maximum possible earthquake magnitude T,

The maximum magnitude of an earthquake that can be generated by the
geological structure of the area (Sintubin, 2016).

» Only depends on tectonic properties.
> Independent of evolution of seismic activity.
> Worst-case damage estimates.

» Crucial element of magnitude models.
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Estimating the endpoint 5

1 Parametric estimators based on truncated Gutenberg-Richter (GR)
distribution (Kijko and Sellevoll, 1989; Pisarenko et al., 1996).

2 Non-parametric estimators as discussed in geophysical literature
(Kijko and Singh, 2011).

3 EVT estimators:

® Truncated Pareto (Aban et al., 2006; Beirlant et al., 2016).
® Truncated GPD (Beirlant et al., 2017).

» Upper confidence bounds for endpoint to quantify uncertainty of
endpoint estimates.
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Parametric model: Gutenberg-Richter 6

Truncated Gutenberg-Richter (GR) distribution (Gutenberg and Richter,

1956; Page, 1968)

Doubly truncated exponential distribution:
> Y ~ Ezp(f).

» Observe realisations of M with
M =4 (YltM <Y <TM).

= Distribution of M is bounded between t3; > 0 and 7).

> Based on empirical evidence.

> Relationship with earthquake physics (Scholz, 1968; Scholz, 2015;
Rundle, 1989).
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Extreme Value Theory 7

> Extreme events:
® Large insurance losses.

® Financial losses.
® Natural catastrophes: floods, earthquakes.

> Framework to deal with extreme events to compute
® Large quantiles.

® Return periods.

Small exceedance probabilities.

® Endpoints of distributions.
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EVT in R 8

> (Main) R packages related to EVT:
® actuar (Dutang et al., 2008)

evd (Stephenson, 2002)

evir (Pfaff and McNeil, 2012)

fExtremes (Wiirtz and Rmetrics Association, 2013)

QRM (Pfaff and McNeil, 2016)

> CRAN task view “Extreme Value Analysis”.
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https://CRAN.R-project.org/view=ExtremeValue

Relns package

‘ o

Relns package (Reynkens and Verbelen, 2017)

WILEY SERIES IN PROBABILITY AND STATISTICS.

: > Basic extreme value theory (EVT)
Reinsurance: ) ] :
Actuarial and Seatistical Aspects estimators and graphical methods (Beirlant
et al., 2004).

> EVT estimators and graphical methods
adapted for censored and/or truncated data.

> Risk measures such as Value-at-Risk (VaR)
B Bttt and Conditional Tail Expectation (CTE).

Jozef L. Teugels
-+ Unified framework for all estimators and
plots.

WILEY
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http://wiley.com/WileyCDA/WileyTitle/productCd-0470772689.html

EVT estimators for endpoint of M 10

Upper truncation: realisations of M are observed with

M =4 (Y|Y<TM).
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EVT estimators for endpoint of M 10

Upper truncation: realisations of M are observed with

M =4 (Y|Y<TM).

E = ¢n2+(M-1)1.51n10
M E
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EVT estimators for endpoint of M 10

Upper truncation: realisations of M are observed with

M =4 (Y|Y<TM).

E = ¢n2+(M-1)1.51n10
M E

Truncated Pareto
ZIE>t

A

Tg 4
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EVT estimators for endpoint of M 10

Upper truncation: realisations of M are observed with

M =4 (Y|Y<TM).

E = ¢n2+(M-1)1.51n10
M E

Truncated Pareto
ZIE>t

In(£)
M = 1.51510 +1

T+ Te,+
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EVT estimators for endpoint of M 10

Upper truncation: realisations of M are observed with

M =4 (Y|Y<TM).

E = ¢n2+(M-1)1.51n10
M E

Truncated GPD Truncated Pareto
M—t|M >t ZIE>t

In(£)
M = 1.51510 +1

T | T+ Te,+
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Groningen revisited 11

> 286 earthquakes with magnitudes larger
than t); = 1.5 between December 1986
and 31 December 2016.

» Uniform noise U[—0.05,0.05] added
since rounded up to one decimal digit.

Latitude

> 250 smoothed magnitudes larger than
tyr = 1.5,

» ¢y = 1.5 is standard for Groningen
(Dost et al., 2013).

Longitude

Source: https://www.knmi.nl/kennis-en-datacentrum /dataset/aardbevingscatalogus

he maximum ea uake magnitude —


https://www.knmi.nl/kennis-en-datacentrum/dataset/aardbevingscatalogus

Groningen: estimates of T}, 12

| = Truncated GPFD - = N-P
+ = Truncated Pareto - = K-S

4.6

4.2

Endpoint

4.0

3.8

» t = M,_n: the (k + 1)-th largest observation.
» M, =3.6 (Huizinge, August 2012).
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Outlook 13

v

EVT-based methods perform well when estimating endpoint.

> EVT-based methods can also be used to compute large quantiles,
small exceedance probabilities, etc.

> Paper is accepted in Natural Hazards, available on arXiv:1709.07662.

v

Functions implemented in R package ReIns.

» Shiny app: https://treynkens.shinyapps.io/Groningen_app/.
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https://arxiv.org/abs/1709.07662
https://CRAN.R-project.org/package=ReIns
https://treynkens.shinyapps.io/Groningen_app/

Questions?
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Parametric model: Gutenberg-Richter 18

Truncated Gutenberg-Richter (GR) distribution (Gutenberg and Richter,

1956; Page, 1968)

0 if m < tM
_ ) Foap)(m)—Foepp () .
Fu(m) = Frap)(T)—FEap(s) (tar) if tpr <m < Ty
1 it m > Ty

» ¢ty > 0: minimum possible magnitude
> T >ty maximum possible magnitude
> (3 > 0: rate parameter

» Doubly truncated exponential distribution.
> Based on empirical evidence.

> Relationship with earthquake physics (Scholz, 1968; Scholz, 2015;
Rundle. 1989
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Time plot 19
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Figure: Time plot of induced earthquakes in Groningen with magnitudes larger
than 1.5 in the considered area.
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