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ABSTRACT: Israel is situated along the margins of the seismically active Dead Sea Trans-
form (DST) fault system, which is responsible for several strong historical earthquakes. In this
paper, we suggest improvements and modifications to the seismo-tectonic model of Israel and
incorporate them into the hazard calculations, to study their effects on the resulting hazard.
First, a homogeneous Mw based catalog is created which is subsequently declustered using the
Gardner and Knopoff (1974) windowing algorithms. Then, a smooth gridded-seismicity
model is created, using the Frankel (1995) approach with subjectively chosen fixed correlation
distance of 30km. Two approaches are used to incorporate the gridded seismicity into the
hazard code, representing different on-fault/off-fault interactions. Finally, a full PSHA calcu-
lation is performed using the hazard code-HAZ45.2, generating hazard maps for the entire
country. The maps, as well as specific values at 6 cities, are compared to study their sensitivity
to the underlying seismic source assumptions.

1 INTRODUCTION

The seismic activity of Israel and its vicinity is moderate but several strong events have occurred
in the past causing casualties and widespread destruction. Moreover, the increase in urban
development and population will enhance the vulnerability of the region in the future. The
region lies on active plate boundary with the DST separating the African plate in the west and
Arabian plate in the east. Thus, the assessment of Probabilistic seismic hazard of Israel is
important for application to engineering practices. PSHA studies involve development of an
appropriate source model, site conditions and Ground motion prediction equations. Prior seis-
mic hazard studies and recent Israel building code is based on polygonal sources without incorp-
oration of linear sources which indicates underestimation in the hazard. Moreover, several
regions are not included in source zone thus, associated with zero activity rate which is inappro-
priate for seismic hazard studies. The activity rates are also based only on measured historical
seismicity and grossly underestimate geologically-based slip rates. Thus, in the present study
PSHA of Israel has been conducted by incorporation of polygonal aerial source, linear fault
sources and gridded seismicity model. The background seismicity as off-fault/on-fault sources in
zone-less region are considered representing different interaction between the two source model.
In order to assess the uncertainty in source model we have performed the analysis considering
alternative source representations and using alternative model parameters.

2 PREPARATION OF HOMOGENIZED EARTHQUAKE CATALOGUE

A homogeneous, uniform, earthquake catalogue is an essential database for any type of seis-
motectonic and seismic hazard study. The Geophysical Institute of Israel (GII) publishes a
catalog regularly. However, this catalogue is mostly in terms of duration magnitudes (My)
and has been shown to suffer from inconsistent earthquake locations (e.g. Wetzler and
Kurzon 2016). Thus, in this study, we combine both the GII catalogue for a period from 1903
to 2015 with the relocated catalogue by Wetzler and Kurzon (2016).
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First, a homogeneous M, based catalog for Israel and surrounding regions is created, using
local correlations between different magnitude types. The magnitude is converted into My,
which is recognized as a stable scale for measuring large earthquakes without saturation
effects. The relation between seismic moment (Mg) and duration magnitude (Mq4) given by
Hofstetter and Ataev (2011) has been used to estimate the seismic moment (eq. 1), thereafter
global relation between M, and M,, given by Hanks and Kanamori (1979) have been applied
to estimate homogeneous M,, based catalog for Israel (eq. 2).

log M, = 12.27 — 0.20M,; + 0.19M 27<My<5.6 (1)
M, =2/3(log M, —9.1) (2)

where, Mo is the seismic moment, in terms of Nem.

2.1  Seismic declustering

In SHA, earthquake occurrence is typically considered to be a Poissonian process, assuming
the events occur independently in space and time. The space-time clustering of seismicity is
mostly exhibited by foreshocks and aftershocks. Therefore, dependent events can be elimin-
ated using seismic declustering. Seismic Declustering mainly emphasizes on segregating the
independent events (Mainshocks) from the correlated or clustered events (Foreshocks, After-
shocks). Windowing algorithms are generally used to derive the Main-shock catalogues by
eliminating these dependent clusters. In the present study we used the traditional window-
based declustering algorithm of Gardner and Knopoff (1974) to identify aftershocks and fore-
shocks. This method is based on defining magnitude-dependent windows in space-time dis-
tance around each event of the catalogue. The compiled catalogue will serve as a useful
resource towards future seismotectonic and seismic hazard studies in the region.

3 GRIDDED SEISMICITY ESTIMATION

The smoothed gridded seismicity model is generated based on past seismicity of the region
and is restrained from the judgement/complexity involves in delineating discrete polygonal
seismic sources. The technique given by Frankel (1995) which uses the Gaussian smoothing
function is employed in the present study for seismicity smoothening where the earthquakes
are spatially distributed to cells of a grid. The gridded seismicity model requires a declustered
earthquake catalog for computation of Poissonian earthquake recurrence rates. The earth-
quake catalog is complete for threshold M,, 2.0 since 1986 (Shapira et al., 2007), which has
been used for the estimation of spatially-smoothed a-values in this study.

In the present analysis, the study region is gridded at a regular interval of 0.1°; each grid
point encompassing a cell of 0.1° x 0.1°. The smoothened function is given as (Frankel, 1995),

Znj(mt)e*(""f/“)2
N=Ll (3)
Zg*(ﬂvﬁ’)z

Where, n(m,) is the number of events with magnitude >m, (threshold magnitude), 4; is the
distance between i™ and /" cells, and ¢ denotes the correlation distance. A 30 Km correlation
distance is used, because it has been found to produce a spatial distribution of the a-values
that correlates well with the general seismicity patterns across the region.

For purpose of hazard calculations, 2 gridded source models were considered: (1) Earthquakes
smaller than My, 6.0 are characterized as point sources whereas earthquakes larger than M, 6.0
are assumed to be associated with the extended fault systems. Hence, for this option, smooth-
gridded seismicity is estimated using the catalog with Mw<6.0 assuming that Mw>6.0 are asso-
ciated with the faults. (2) All events within a buffer of 10 Km radius along the faults are
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Figure 1. (left) Spatially smoothed activity rates for Model 3(a) (right) Spatially smoothed activity rates
for Model 3(b).

associated with faults and the remaining earthquakes in the catalog are used to calculate the
gridded seismicity (GS). The smoothed gridded activities from two models are shown in
Figure 1.

4 HAZARD ESTIMATION

The PSHA estimation of the region was calculated using the open-source program - Haz45.2
(PG&E, 2010); which is also available on GitHub https://github.com/abrahamson/HAZ. The
hazard estimation is based on two annual probability of exceedance (POE) rates (a) 0.0021 i.e
10% POE in 50 years (b) 0.0004 i.e 2% POE in 50 years. To estimate the effect of uncertainty
in source model the PSHA was performed considering alternative source representations and
using alternative model parameters. In this way, the two types of epistemic uncertainty, i.e
modelling uncertainty and parametric uncertainty are treated and addressed. We have con-
sidered 3 models based on polygonal sources, faults, gridded seismicity and slip rate variation.
The acceleration values are also compared with the Israeli building code (SII 2013) which will
be referred as Model 1. The polygonal aerial sources and mapped faults were adopted from
Avital et al. (2018) as shown in Figure 2(a). Three additional faults (Eilat, Aragonese, Dakar)
were incorporated based on a report by Segev et al. (2012). The slip rates were evaluated
based on previous studies. The source models are described in Table 1 and their associated
slip rates and maximum magnitudes are given in Table 2.

For purposes of application within the hazard code in model 3a & 3b the grid was divided
into two zones (shown in Figure 2(b)), with different M, ., assigned for each zone —

a. Cyprus arc — a subduction plate boundary. Mmax = 8.0.
b. Other — includes all other earthquakes not associated with the main fault systems. Mmax=6.5.
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Figure 2. (a) The seismotectonic model combing Faults and Polygonal sources (b) Division of gridded
seismicity into two zones, having different Mmax definitions.

Table 1. List of Models used in the analysis.

Model no. Source geometry Recurrence models

Model 1 Aerial sources only (ST 413) TE

Model 2 Polygon + faults (See Figure 2a) Polygon (TE), Faults (YC)
Model 3(a) Gridded seismicity (a) + faults GS (TE), Faults (Mmax)
Model 3(b) Gridded seismicity (b) + faults GS (TE), Faults (YC)

* Mmax: Maximum magnitude model, TE: Truncated Exponential, YC: Youngs and Copper-
smith (1992) composite model.

Table 2. Slip rates and My, used for Hazard estimation for the linear faults in model 2 and 3. Each
fault is given three values of slip rate and three values of Myy,,x, with weights of 0.2, 0.6, and 0.2,

respectively.

Fault name Slip Rate Max Mag Source

Roum 0.8-09-1 72-76-1738 Nemer and Meghraoui (2006)

Yammuneh 2.8-35-42 7.6-7.9-8.1 Daeron et al. 2004

Serghaya 1.2-14-1.6 74-7.8-8.0 Gomez et al. (2003)

Carmel 0.2-04-0.6 6.8-71-74 Salmon et al. (2013), Sadeh et al. (2012)
Arava 2-45-7 7.45-7.81-8.17 Marco and Klinger (2014), Garfunkel (2009)
Jericho 2-45-7 7.45-7.82-8.18

Eilat 2-45-7 73-75-77 Klinger et al. (2000), Makovsky et al. (2008)
Aragonese 2-45-7 73-75-177

Dakar 2-45-7 73-75-17.7
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The PSHA estimation for the entire country of Israel has been conducted on a grid of
Skm*10km, identical to that of SI413 (Klar et al., 2011). While Avital et al. (2018) clearly
show that the selected GMPE for analysis is the most dominating source of uncertainty, in
this paper the Campbell and Bozorgnia (2008) GMPE was used, to maintain consistency with
the building code and focus on source effects only. We create a set of hazard maps at return
periods equivalent to 10% and 2% POE in 50 years (475 and 2475 years return period respect-
ively), to compare the effects of the different source models on a regional spatial level. All
maps are calculated to the same reference conditions of Vg3p=760 m/sec. While we believe that
the reference conditions in Israel should change in the future (e.g. Baram et al., 2019), the
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Figure 3. PGA maps for a return period of 2% in 50 years and reference conditions of Vg30=760 m/sec.

(a) Model 2, (b) Model 3a, (c) Model 3b, (d) residuals of Model 2 with respect to Model 1, (e) residuals
of Model 3a with respect to Model 1, (f) residuals of Model 3b with respect to Model 1. All maps repre-
sent the weighted average of the source-parameter logic tree and are computed using Campbell and
Bozorgnia (2008) GMPE, for consistency with building code.
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current reference conditions are maintained for purpose of consistent comparison. The hazard
distribution maps for 2% POE in 50 years, are shown in Figure 3 for different combinations
of source models. Also presented are the residuals with respect to Model 1 (SI 413). Note that
the maps present the weighted average of all alternative slip rates and M., considering the
respective weights, as presented in Table 2.

Because the maps present the weighted-average only, the full effect of parametric and mod-
elling uncertainty can be evaluated at specific locations of interest. For that purpose, we com-
pare the full range of hazard results for PGA, Sa (T=1sec) at six key locations in Israel - Tel-
aviv, Jerusalem, Haifa, Eilat, Tiberias and Beersheba for two hazard levels - 10% and 2% POE
in 50 years. A comparative plot is presented in Figure 4, showing the effect of model param-
eter, slip rate variation and M, on spectral acceleration values. Each model is represented
by its weighted average (open diamond) and full parametric range (horizontal line).

A few observations can be pointed out from Figure 4: generally, the hazard level has
increased in almost all cases with comparison to the current building code, with exception of
Tiberias PGA at 10% POE in 50 yrs. The increase is most significant for Sa(T=1sec) at 2% in
50 yrs POE, with a factor of 2 in some locations. From the six locations presented in Figure 4
— Filat is most sensitive to the difference, both in parametric and modelling assumptions,
because it located directly on top of two fault segments which were previously represented as
uniform activity areal sources. When comparing the three alternative source models, generally
Model 3a gives the lowest hazard while Models 2 and 3b are comparable. This is due to the
different representations of magnitude-frequency distributions (MFD) on the linear fault seg-
ments. Both Models 2 and 3b use the YC model, which is constrained by geological slip-rates.
On the other hand, Model 3a uses the TE for small events — constrained by seismological
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Figure 4. The contribution of parametric uncertainty to the hazard at six locations in Israel. (a) PGA,
2% in 50 yrs, (b) PGA, 10% in 50 yrs, (c) Sa(T=1sec), 2% in 50 yrs, (d) Sa(T=1sec), 10% in 50 yrs.
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measurements and Mmax for large events — constrained from slip rates. The sensitivity to
such representation will depend on the de-aggregation of the hazard at the different locations.
From Figure 4 we see that the sensitivity increases for sites located very close to the main
faults (e.g. Tiberias, Eilat and Haifa).

5 SUMMARY AND CONCLUSIONS

In this study, alternative source models, representing both parametric and modelling epistemic
uncertainty, are used to generate new hazard maps for Israel. From the hazard maps it can be
concluded that the incorporation of faults in the source model increases the hazard in Haifa
bay, the Dead-Sea basin and southern Arava valley. Some locations show a reduction in
hazard, due to the use of Gridded seismicity instead of uniform-activity polygons. For
example, the reduction is mostly seen under the previous Paran, Beit-Shean Gilboa, and Galil
polygons. This is related to subjective judgement and over-estimation of previous activity
levels in these areas. A more detailed analysis for six urban centers reveals that the use of
linear fault sources and gridded seismicity will significantly increase the hazard level when
compared to the present building code (SI413). Thus, we strongly suggest updating the current
source model for estimations of seismic hazard in Israel, using more recent approaches and
parameters. Future modifications of the suggested source model will include an adaptive
kernel for the gridded-seismicity component, as well as updated reference site conditions as
suggested in recent studies (e.g. Baram et al., 2019). Note that the current study predicts seis-
mic hazard for reference rock site conditions only. While site-response is known to potentially
increase the predicted hazard significantly, it is common to calculate national maps for refer-
ence rock conditions and incorporate site amplification at a later stage, on a site-specific basis.
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