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Abstract—We present a new set of Ground Motion Prediction

Equations (GMPEs) for horizontal Peak Ground Acceleration, Peak

Ground Velocity, and 5 % damped pseudo-spectral acceleration

(PSA), developed for the San Jacinto Fault Zone (SJFZ) area.

Besides using these equations to quantify seismic shaking in the

area, the results allow us to examine the physics and local prop-

erties controlling the observed ground motions. The analyzed

dataset includes *30,000 observations from *800 events span-

ning a magnitude range of 1.5 \ M \ 6.0 and recorded by up to

140 stations at epicentral distances ranging from essentially zero to

150 km. The local GMPE is developed for the SJFZ by applying

classical regression techniques with predictive variables that

include first distance and magnitude, and then site characteristics,

rupture directivity, and fault zone amplification. The significance of

these effects is determined by measuring the uncertainty-reduction

of the GMPE due to each factor. The results show that, in contrast

to many regional studies, traditional site characteristic has a rela-

tively minor effect on peak amplitudes in our study area. However,

rupture directivity is a significant factor controlling the amplitudes

of ground motion even for small events. The dense seismic network

and newly developed directivity tool enable us to extract efficiently

directivity effects with statistical significance, using the ground-

motion dataset during the regression analysis process. The obtained

rupture directivities are consistent with the main focal mechanism

orientations and surface trace orientations, known from other

studies, and predictions for bimaterial ruptures in the trifurcation

area of the SJFZ. Fault zone amplification is a second important

factor, showing strong impact on the peak ground motion values,

with increasing role for the lower frequency range (\10 Hz)

examined in the 5 % damped PSA values. We also observe sig-

natures of large amplitude-variances, which indicate additional

source-related control on the distribution of amplitudes (besides

rupture directivity) for aftershocks close in time and location to the

ML 5.1 earthquake of March 2013. Using the full set of records we

present the most complete set of GMPEs for the SJFZ area,

including a higher-amplitude prediction for regions in the direction

of rupture.

Key words: Local GMPEs, San Jacinto fault zone, directivity

effects, fault zone amplification, regression analysis, engineering

seismology.

1. Introduction

Ground Motion Prediction Equations (GMPEs)

provide a fundamental tool for analysis of seismic

hazard, by describing the amplitude and attenuation of

peak ground motion values from the events to the

recording stations. These equations are typically

developed by regression of the peak ground motion

values to first-order variables such as magnitude and

distance, and possibly several other predictive vari-

ables. In the past decade there has been extensive

work in this field, such as by DOUGLAS (2001, 2003)

and the Next Generation Attenuation project (NGA;

ABRAHAMSON et al. 2008), in which five different

groups have developed sets of GMPEs for shallow

events in active tectonic regions (ABRAHAMSON and

SILVA 2008; BOORE and ATKINSON 2008; CAMPBELL and

BOZORGNIA 2008; CHIOU and YOUNGS 2008; IDRISS

2008) (Note: the NGA project has been updated over

the last few years, with NGA-2 GMPEs to be pub-

lished in Earthquake Spectra in 2014.). These GMPEs

were developed on a global or regional scale, com-

bining data from different tectonic settings to enable a

larger database to be compiled. However, these large

scales (global or regional) tend to generalize and mask

some of the local attributes affecting ground motion in

specific areas. Moreover, the focus of such GMPEs

has tended to be restricted to the upper magnitude

range (M [ 5), and they do not always scale well over

a broader magnitude range. Recent studies have

extended the lower magnitude limit down to M 3 (e.g.,
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BOORE et al. 2013, and other GMPEs developed as part

of the NGA 2 project: http://peer.berkeley.edu/

publications/peer_reports_complete.html) and M 2

(CUA and HEATON 2008), but have retained the glo-

bal-scale nature of the GMPEs.

In this study, we develop GMPEs based on data

from a single fault system, focusing on a complex

region of the San Jacinto Fault Zone (SJFZ) in southern

California. The change from a global or regional scale

down to a local scale might reduce the role of some

effects (such as tectonic settings) on ground-motion

variability, while facilitating the identification of other

effects not seen in larger scales, some of which might

be unique to the study area. We use a rich database of

ground motions in the SJFZ to examine: (a) the main

factors controlling amplitudes on a local scale, besides

magnitude and distance; (b) if these factors can shed

light on some of the unique characteristics of earth-

quake physics in the study area and properties of the

fault zone; (c) the differences in the variance of local

GMPEs in comparison to that for regional or global

GMPEs; and (d) what information we can gather about

the fault zone and the source by comparing the variance

and/or residuals of the GMPEs from different datasets

within the same local fault zone (for example, different

aftershock sequences).

The SJFZ provides a great natural laboratory for

examining some of the above questions for several

reasons: (a) it is a highly-active seismic fault, pro-

ducing a significant number of well-recorded small

events ranging up to magnitude 4 along with several

larger events; (b) it is densely covered by several

seismic networks with a recent significant increase in

stations due to a SJFZ experiment initiated in 2010

(providing also abundant recordings within the

immediate vicinity of the fault zone); and (c) it

encompasses a complex system of faults, with rela-

tively large clusters of seismicity not necessarily

aligned with the fault traces or converging to distinct

surfaces, and with heterogeneous focal mechanisms

of events (HARTSE et al. 1994; BAILEY et al. 2010). In

this study we investigate how the complexity and

other characteristics of the fault zone and earthquake

processes influence recorded ground motions. By

analyzing a high-fidelity ground-motion dataset we

uncover some of the more dominant amplitude-con-

trolling factors in the region, clarify their statistical

signatures in the data, and apply them to generate

fault zone-specific GMPEs for the SJFZ.

2. Geological Settings

The SJFZ is a major component of the strike-slip

fault system that accommodates the plate boundary

motion in Southern California, branching from the

San Andreas Fault at Cajon Pass, crossing the Pen-

insular Ranges Batholith, and terminating in the

desert of the Imperial Valley. The SJFZ has had about

24 km of slip since the latest Pliocene to early

Pleistocene (SHARP 1967; ROCKWELL et al. 1990;

DORSEY and ROERING 2006), and estimated slip rates

that vary along strike between 8 and 20 mm/year

(ROCKWELL 2003; KENDRICK et al. 2002; FAY and

HUMPHREYS 2005; FIALKO 2006). In this study, we

analyze data from four major segments of the SJFZ

(Fig. 1) comprising together the central part of the

fault: (1) Clark—Anza (CA), (2) Coyote Creek (CC),

(3) Buck Ridge (BR), and (4) Hot Springs (HS). The

seismicity in the past 30 years (HUTTON et al. 2008;

HAUKSSON et al. 2012) along these segments has been

clustered in two main regions (Fig. 1): the Hot

Springs cluster at a depth range of 15–22 km, and the

trifurcation (TR) cluster at a depth range of 7–17 km;

between these two clusters there is a distinct gap

(Fig. 1 top–right). The Clark—Anza and the Coyote

Creek segments are known to have sustained mod-

erate to large earthquakes based on historical and

paleoseismic data (e.g. SALISBURY et al. 2012; ON-

DERDONK et al. 2013, and references therein).

3. Dataset and Data Processing

We analyze ground motions associated with 800

events in the magnitude range of 1.5 B M B 6 in a

45 9 125 km rectangular area around the SJFZ

(Fig. 1). The event database consists of the seismicity

in the region from February 2010 to May 2012, and

three moderate earthquakes (ML 5.6 [MW 5.2] June

2005, ML 5.9 [MW 5.4] July 2010 and ML 5.1 [MW

4.7] March 2013) along with their aftershock

sequences. The station distribution includes several

networks operating in this region (see Table 1) within
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Figure 1
Location map of the SJFZ, showing also the stations and events distribution considered in this study. The map indicates four of the main fault

segments (CC Coyote Creek, CA Clark Anza, BR Buck Ridge, and HS Hot Springs), the seismicity pattern in the past 30 years according to

HAUKSSON et al. (2012), and the major events: M [ 6 in the past 100 years, and M [ 5 in the past 30 years (VERNON 1989; SALISBURY et al.

2012), seen as black-white stars referred to by the event list on the upper right side of the map. The events used for this study are located

within the blue event rectangular, and include the three main events (blue-white stars) and aftershock sequences of ML 5.6 (MW 5.2) in June

2005, ML 5.9 (MW 5.4) in July 2010, and ML 5.1 (MW 4.7) in March 2013. The stations are located within the orange rectangle and include

several networks, including the new SJFZ project. Altogether, there are 800 stations recorded on *200 instruments in *140 seismic stations.

The side map emphasizes the four major fault segments, and the two main seismic clusters, with the Anza gap between them

Table 1

The network-station distribution included in this study

Code Network NStations Description

AZ ANZA 12 The ANZA network was installed in 1982 and is operated by UCSD. It has 18 stations, from

which 12 are within the study area

YN SJFZ 75 PASSCAL temporary stations for the NSF Continental Dynamics (NSF SJFZ CD) project

titled: Collaborative Research: Structural Architecture and Evolutionary Plate-boundary

Processes along the San Jacinto Fault Zone

CI SCSN 40 Southern California Seismic Network operated by Caltech

PB PBO 10 Plate Boundary Observatory operated by UNAVCO

SB UCSB 5 Stations operated by University of California, Santa Barbara
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a 90 9 275 km rectangle around the event epicen-

ters, allowing in most cases good focal-sphere

coverage of the data.

The Peak Ground Acceleration (PGA), Peak

Ground Velocity (PGV), and 5 % damped pseudo-

spectral acceleration (PSA) datasets are generated

using acceleration and velocity waveforms filtered

using a 1–30 Hz fourth order band-pass Butterworth

filter (with four poles at each corner frequency). The

PGA values are mainly used to reveal the factors

controlling ground motions, while the PGV and PSA

values provide the complete set of GMPEs required

for engineering purposes. The relatively high band

pass filter of 1–30 Hz used in this study reflects the

high frequency content of the data, especially for

events in the M \ 3 range. The signals for the M [ 3

events were chosen preferentially from the accelera-

tion channels due to clipping of the velocity

recordings at some of the close-range stations, while

the signals for the M \ 3 events were preferentially

taken from the velocity channels due to their higher

sensitivity and ability to capture lower magnitude

data.

Figure 2 displays the magnitude—distance dis-

tribution of the recordings and the depth distribution

of the events used in the PGA analysis. It is shown in

two different colors, representing two different data-

sets: blue for June 2005 and February 2010 to May

2012, and orange for March 2013. These two datasets

reflect two phases in the evolution of the GMPEs

presented here (see Sect. 4). The first phase was done

before the aftershock sequence of March 2013, gen-

erating a set of GMPEs from 650 events and 20,000

Peak Ground Motion records. In the second phase,

the March 2013 dataset was merged (addition of 150

events and 15,000 records), providing a new set of

GMPEs. There are two main reasons for keeping the

results in these two separated phases: (a) there are

some insights that were observed within the Phase 1

dataset, which were masked by the Phase 2 complete

dataset, and (b) it demonstrates better the limitations

of GMPEs in predicting future motions. These issues

Figure 2
Distance—Magnitude Distribution of the records. Distances are presented by the epicentral distance, and magnitudes are in ML. The complete

dataset is split into two subsets: one for the first phase of this study (blue) and the second for the additional records of the ML 5.1—March 2013

(orange). Some of the gaps of the Phase 1 distribution are filled by the new data, especially in the close epicentral distances. The depth

histogram is showing a shallower distribution of depth records than the one seen in the Phase 1 dataset

3048 I. Kurzon et al. Pure Appl. Geophys.



are further discussed later in the paper. Note that for

the purpose of the GMPEs we use the ML magnitude.

Peak values of ground motion were picked auto-

matically using a signal to noise ratio (SNR)

algorithm that was tuned to capture the main signal

and peak value in each waveform. The tuning was

done manually by viewing a significant subset

(*35 %, *2,500 records) of the actual peak values

of the June 2005 and July 2010 aftershock sequences.

A total of 35,000 peak ground records were collected

for each one of the datasets (PGA, PGV, and for each

period of the PSA), from a total of *200 instruments

at *140 stations (some stations have a seismometer

and an accelerometer).

4. Data Analysis Procedure

We present two different sets of GMPEs. The first

set (Phase 1) was generated based on the dataset of

June 2005 and February 2010 to May 2012. The

second set of GMPEs (Phase 2) is based on the

merging of the ML 5.1 March 2013 aftershock

sequence, which shows very different characteristics

from what was predicted by the Phase 1—GMPEs,

and emphasizes additional aspects in the generation

of GMPEs.

Phase 1—June 2005 ? February 2010 to May

2012.

We divide our search for the GMPEs and the

factors controlling ground motion values in the SJFZ

into several stages. First we consider the two most

dominant factors, magnitude and distance, and solve

for them using the basic formulation provided by

BOORE and ATKINSON (2008):

Ln(Y1Þ ¼ e1 þ e2 M �Mhð Þ þ e3 M �Mhð Þ2

þ c1 þ c2 M �Mrefð Þ½ � � Ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
e þ h2

A

q

�

Rref

� �

þ c3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
e þ h2

A

q

� Rref

� �

:

ð1Þ

Here, M is the local magnitude, Re is the epicen-

tral distance, e1, e2, e3, c1, c2, c3 and hA are regression

coefficients, and Mh, Mref and Rref are constants. Mh,

Mref and Rref can be chosen largely for convenience,

as long as they are within the range of magnitude and

distance of the data (see BOORE and ATKINSON 2008,

for further discussion on this issue). We set

Mh = 2.5, Rref = 1 km and Mref = 3. The variable Y1

gives predicted values based on Eq. (1) referred to in

this study as the ‘basic regression’ or ‘basic GMPE’.

We can use the hypocentral distance and regress

only for six coefficients, or use the epicentral distance

and regress for an additional coefficient, the apparent

depth hA. The difference between the two options is

minor, but the latter is somewhat advantageous as it

avoids the addition of depth uncertainties into the

total uncertainty, resulting in slightly a smaller

uncertainty (*0.5 %). By using the epicentral dis-

tances, hA can be estimated from the maximum

amplitude as the epicentral distance approaches zero;

deeper apparent depths indicate smaller amplitudes.

This is the option chosen in Eq. (1), where e1, e2 and

e3 are magnitude related, c1, c2 and c3, are distance

related, and hA is the apparent depth of all records.

In the second stage, we examine additional factors

that may affect ground motion peak values using a

combination of two main tools. Plotting the observed

records together with the basic GMPE, color-coded

according to a tentative additional factor, provides a

first estimation of the relevance of the examined

factor. To quantify that factor we also apply the

method used by THOMPSON et al. (2011) to estimate

site response:

LnðY2Þ ¼ b1 þ b2LnðXÞ þ b3LnðY1Þ; ð2Þ

where the right side has a linear relation between the

examined new factor X, the basic GMPE value Y1 and

the new predicted values Y2. This equation is an

indication of the linearity of Ln(X) with respect to the

new GMPE Y2. Note that when b3 ) 1 Eq. (2)

approaches a linear relation between the magnitude

and distance factors and the additional examined

factor.

Both Eqs. (1) and (2) provide measures of

uncertainties. We use the variance about the models

in relation to the observed values, and examine the

variance reduction associated with different factors.

This allows us to sort different factors according to

their relevance and improvements of the GMPEs.

Having a current best performing GMPE with the

lowest variance, we use the residuals defined as

Yobserved/Ypredicted to search for additional event or

station factors that may reduce the variance further.
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Using the same factor-hierarchy we then determine

GMPEs for the set of PGV and PSA values, resulting

in our estimated GMPEs for the SJFZ area. In the

following sections we provide additional details on

the main methods used in the data analysis.

4.1. Regression Method

JOYNER and BOORE (1993) introduced two methods

for applying regression analysis for finding GMPE

coefficients: the one-stage maximum-likelihood

method and the two-stage method. In the one-stage

method the different uncertainties of the records and

events are calculated in one step with a combined

uncertainty. In the two-stage method a random

record-uncertainty is first calculated, mainly account-

ing for the event-station distance, and then the event

uncertainty is iterated considering the magnitude of

each event. Both methods have shown similar success

(JOYNER and BOORE 1993), and in many of the GMPE

studies one of these methods was used as the basic

approach (e.g., BOORE and ATKINSON 2008). In this

work we use the one-stage method to solve Eqs. (1)

and (2). The iteration scheme utilizes the golden

section search (e.g., PRESS et al. 1992), allowing a fast

convergence to the set of coefficients defining the

GMPEs.

4.2. Directivity Method

Rupture directivities can produce significant vari-

ations of ground motion parameters, with higher

frequencies and amplitudes in the direction of rupture

propagation compared to the orthogonal and opposite

directions (e.g. DOUGLAS et al. 1988; SPUDICH and

CHIOU 2008; CALDERONI et al. 2013; BAKER et al.

2012, and references therein, as part of the NGA-

West 2 project models). Directivity has also been

observed and discussed in relatively low magnitudes,

down to M 3 events (BOATWRIGHT 2007; SEEKINS and

BOATWRIGHT 2010), showing that small to moderate

events may have quite strong directivities. In this

study we extend the observations down to M 1.5,

naturally corresponding with higher frequencies. In

order to quantify the effect of rupture directivities on

GMPE, we use the observed peak ground motion

values corrected for geometrical spreading. This is

done by multiplying each peak amplitude value, A, by

its corresponding hypocentral distance r:

A / 1=r ) Acorr ¼ A � r: ð3Þ

The correction (3) is applied up to a distance of

60–80 km to avoid Pn and Sn phases that can lead to

overweighing distant stations. We recognize that the

correction for geometric spreading is simplistic,

being based on the whole-space spreading rate in

the frequency domain, whereas the actual geometric

spreading is more complex. This is intended only as a

simple first-order correction.

In order to estimate rupture directivity we use 30�
wide slices rotated around 360� in 10� increments.

For each slice orientation we calculate the average
~Acorr of the Acorr values within the slice and search for

the slice orientation with the maximum averaged
~Amax

corr . Since there are other factors that might affect

the amplitudes besides distance and directivity (such

as radiation pattern or site characteristics), we

consider only slices having at least three stations

and coefficient of variation below 0.75. The orienta-

tion of the slice with ~Amax
corr satisfying these

requirements is regarded as the rupture direction.

Once this direction has been determined, we divide

the horizontal space, surrounding the event, into 12

slices of 30� and use u to denote the angles between

the center of each slice and the assumed rupture

direction, i.e., cos(u) ranges from 1 for the slice of
~Amax

corr to -1 for the opposite direction. Finally, we

calculate for each slice ~Acorr

�

~Amax
corr ¼ ~Anorm

corr where
~Anorm

corr ranges from 1 for ~Amax
corr to 0 for slices that do not

satisfy the forgoing quality criteria.

Figure 3 illustrates the directivity tool using data

of the ML 5.9 July 7, 2010 event (Fig. 3a) and a July

Figure 3
The directivity tool—examples. Here we show two cases: Case 1—

ML 5.9 (a, c, e plots) and Case 2—ML 1.6 (b, d, f plots). The a and

b plots are geographical maps, showing the stations recording the

event and some of the corresponding waveforms; events are shown

as blue-yellow stars, and stations are marked as grey triangles. The

c and d plots show the normalized Acorr in each slice, as a function

of cos(/), where / describes the orientation of the 30� slices in

reference to the rupture direction. The e and f plots are a projection

of the normalized Acorr on a map view, in which h is the event-

station azimuth, and the distances of the stations from the center

(location of event) reflect the normalized Acorr per slice. These last

two plots help to quantify and define in a statistical manner the

direction of rupture, showing an unilateral NE solution for Case 1,

and a bilateral SE solution for Case 2 (See text for further details)

c

3050 I. Kurzon et al. Pure Appl. Geophys.
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10, 2010 ML 1.6 aftershock (Fig. 3b). The waveforms

are normalized to the maximum recorded amplitude,

A, in the stations, without applying corrections for

geometrical spreading and slice averaging. A close

examination shows that the ML 5.9 event has slightly

larger amplitudes to the NE than to the NW, while

the ML 1.6 event exhibits higher amplitudes to the SE

as well as to the NW. The ~Anorm
corr vs. cos(u) plots

suggest (see also Fig. 4) an approximately unilateral

behavior for the ML 5.9 event (Fig. 3c) and close to

bilateral behavior for the ML 1.6 event (Fig. 3d); we

note that all slices excluding cos(u) = 1 or -1 may

have two different ~Anorm
corr values for the same cos(u).

In Fig. 3e, f, ~Anorm
corr in each slice is assigned back to

the stations within that slice and projected onto the

map, according to the event-station azimuth h. The

obtained circular map ranges from -1 to 1 on south–

north and west–east axes. The results show the

orientation of the stations in relation to the event

located in the center of the map, and the event to

stations distances reflecting the values of ~Anorm
corr in

each slice. The orientations of stations with a radius

near 1, on the circumference of the circular map,

reflect the rupture directivity defined by the azimuth

to the middle of the slice containing the stations. This

indicates that the ML 5.9 event ruptured to the NNE,

while the ML 1.6 event ruptured to the southeast, in

agreement with the visual characteristics of the

waveforms (Fig. 3a, b, e, f).

Figure 3
continued

Figure 3
continued
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Figure 4 presents schematically four end-member

cases that can help in understanding the rupture

properties: unilateral (Fig. 4a) and bilateral (Fig. 4b)

ruptures, each with weak and strong directivity

signals. The strength of the directivity signal is

represented by ~Anorm
corr

� �

defined by the average of
~Anorm

corr on all slices. High values of ~Anorm
corr

� �

reflect a

weak directivity signal, since many of the slices

besides the one with ~Amax
corr have relatively high ~Anorm

corr ,

possibly reflecting other factors affecting the

Figure 4
End-member rupture solutions reflected by the directivity tool: a unilateral ruptures, and b bilateral ruptures, both with strong or alternatively

weak directivity options. The strength of the directivity is the reciprocal of the average of the normalized Acorr in all slices. Since in the

direction of rupture the value is 1, then the lower the values in the other slices, the lower is the average and the signal would be stronger. For a

bilateral rupture, the opposite side to the maximum will also show close values to 1. Case 1 in Fig. 3 would be classified as an unilateral

rupture with weak directivity signal, and Case 2 as close to a bilateral rupture with intermediate directivity signal
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amplitudes. Low values of ~Anorm
corr

� �

reflect a strong

directivity signal, since the slice of ~Amax
corr dominates

over other factors affecting the recorded amplitudes.

The value of ~Anorm
corr

� �

is also the measure defining the

color code in subsequent related figures, with darker

blue indicating stronger directivity signal.

We define an index of directivity IDir based on

strength of the directivity signal as:

IDir ¼ 10 � ~Anorm
corr

�

~Anorm
corr

� �

: ð4Þ

The highest IDir values per event will be for

stations that are in the direction of rupture, with

stronger signals having higher IDir values. Events

with strong directivity signals will have a wide range

of IDir values, while events with weak directivity

signals will show a narrower range of IDir values.

Figure 5
Analysis of rupture directivity. Here we show two clusters of seismic activity: (1) the MW 5.4 (ML 5.9) July 2010 and its aftershocks, and (2)

December 2011 events in the Hot Springs cluster. Each line represents an event, with the length reflecting the strength of the directivity signal,

and the color reflecting the directivity orientation. While the July 2010 event shows two main directions, to the NE and to the NW (parallel to

the fault), the December 2011 event shows a SE trend, parallel and sub-parallel to the fault. The NE trend of the MW 5.4 event fits the focal

mechanism of the main shock and reflects the observations seen before in Fig. 3

3054 I. Kurzon et al. Pure Appl. Geophys.



Below we incorporate the variable IDir in Eq. (2) to

generate directivity-dependent GMPEs.

Before applying this tool for the GMPE analysis

we demonstrate its utility by translating IDir to lengths

that are plotted with indication of the azimuth of

maximum directivity. This is shown in Fig. 5 for the

ML 5.9 July 2010 event and its aftershocks, along with

seismicity from December 2011 at the Hot Springs

cluster. The results show that each region has distinct

rupture directions that are mainly sub-parallel and

sub-normal to surface traces within statistical scatter.

The waveform observations of the ML 5.9 July 2010

mainshock (Fig. 3) indicate a similar NE directivity as

the results in Fig. 5 in the trifurcation area. We note

that a statistical preference of earthquake propagation

to the NE in this area is also consistent with observed

asymmetry of rock damage (LEWIS et al. 2005;

WECHSLER et al. 2009), combined with theoretical

calculations of damage generation during ruptures on

a bimaterial fault (BEN-ZION and SHI 2005; XU et al.

2012) and recent detailed tomographic images (ALLAM

and BEN-ZION 2012; ALLAM et al. 2014). The other Hot

Springs cluster of seismicity in Fig. 5 is off the main

San Jacinto fault and requires additional information

to interpret. A more detailed analysis of the directivity

tool and its possible implications will be given in a

follow up paper (KURZON et al. 2014).

4.3. Obtaining PSA Values

The response spectra providing the 5 % damped

pseudo-spectral acceleration (PSA) values is calcu-

lated using the classical algorithm of NIGAM and

JENNINGS (1969) for solving the equation of motion of

a simple oscillator:

€vþ 2bx _vþ x2v ¼ �aðtÞ; ð5Þ

where t is time, x is the natural frequency of the

oscillator, b is the damping coefficient, and a(t) is the

base acceleration the oscillator is subjected to. A

segmental linear approximation of a(t) is given by:

€vþ 2bx _vþ x2v ¼ �ai � t � tið Þ
� aiþ1 � aið Þ= tiþ1 � tið Þti� t� tiþ1:

ð6Þ

Since v and _v are known at t = 0, one can solve

(6) analytically and obtain displacement, velocity and

acceleration for each examined x (NIGAM and

JENNINGS 1969), which, in accordance with the

1–30 Hz Butterworth filter applied in this study,

spans the period range of 0.03–1 s.

Phase 2—merging the ML 5.1 March 2013

aftershock sequence.

The ML 5.1 March 2013 aftershock sequence was

recorded on the complete network of the SJFZ

project, providing many more stations within the

fault zone, including two additional linear arrays that

did not exist in the Phase 1 dataset; altogether, 30

more stations are within 1 km distance from fault

segments. In the Phase 2 dataset there are additional

150 new events and 15,000 new records augmenting

the 650 events and 20,000 records of the Phase 1

dataset. Naturally, this has changed some of the

statistical balances within the merged dataset, and

with a combination of a very different source

behavior (discussed later in the text), we had to

modify our approach. The method applied in Phase 2

is described in Sect. 6—Results Phase 2.

5. Results Phase 1

We first examine the PGA dataset and by a

combination of regression and residual analysis

obtain a best-fit basic GMPE for PGA values. We

then use the factor hierarchy found during the process

of the PGA analysis to develop a complete set of

GMPEs for the PGV and PSA values.

5.1. Stage 1—PGA Analysis

5.1.1 Basic Regression for Magnitude and Distance

Figure 6 shows results of the basic regression in four

magnitude bins, obtained by solving Eq. (1) with the

one stage algorithm of JOYNER and BOORE (1993),

along with an uncertainty measurement of

rt = 0.968. The uncertainty is quantified by the

standard deviation values rt, re and rr, where rt is the

total uncertainty of all records given by the sum of

variability within the events re and random variabil-

ity of the records rr. The value rt = 0.968, which is

our basic uncertainty, serves as a reference for

analysis of additional factors made in the following

regression steps. The significant weight of the small
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magnitude events, reflected in the strongly magni-

tude-dependent uncertainty, can also be seen in the

up-bending of the GMPEs at the far distance

([80 km). This is due to the curvature coefficient,

c3, which is overweighed by the small magnitude

events (M \ 3) at distances beyond 80 km; this

artifact is improved in our final Phase 2 GMPEs.

Figure 6 and Table 2 compare our results with

GMPEs generated for other datasets in regions

around our study area: BOORE et al. (2013) denoted

BSSA13 and CUA and HEATON (2008) denoted CH08.

The results of BSSA13 were developed for the

western US over a magnitude range of 3 B M B 8.

The results of CH08 are for Southern California over

a magnitude range of 2 B M B 7.3, and have two

solutions depending on Vs30 value of site character-

istics corresponding to soil and rocks, where Vs30

denotes the average shear wave velocity in the top

30 m of the crust. The amount of events and records

examined in our work, BSSA13 and CH08 are

different, with total number of records increasing

from CH08 to BSSA13 to our work (Table 2).

5.1.2 Factor Analysis

We consider three effects that can be significant for

recorded ground motion in the SJFZ area. The first is

site characteristics, mainly measured by Vs30,

Figure 6
The Phase 1—basic GMPE for PGA values, and comparison to other models. The results are divided into four magnitude bins: 1.5–2, 2–3,

3–5, and 5–6. The different curves show the different models: the black line is our model, and the other three are models generated from other

smaller datasets: BSSA13 is for BOORE et al. for M 3–8 (2013), and CH08 is for CUA and HEATON (2008), for Rock and Soil sites
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reflecting the soil conditions at the recording station.

The second is fault zone amplification not captured

by Vs30, reflecting path effects involving rock damage

in a region around the fault. The third is the rupture

directivity, exhibiting higher amplitudes for stations

in the direction of rupture. The analysis is done by

applying Eq. (2) for each of the above factors, as well

as color-coding the records for each factor and

looking for a clear color-signature.

5.1.2.1 Site Characteristics The classical charac-

terization of site conditions is done via Vs30, with

higher values corresponding to rock sites and lower

ones related to soil (or highly weathered rock) sites.

There are many ways of quantifying Vs30, either by

measurements, or by spatial estimations based on

geology or topography. For the stations in our study

there are only a handful of actual Vs30 measurements,

so we test the following geological and topographical

Vs30 estimations of the region: (1) Geological esti-

mation according to WILLS et al. (2000), (W00), (2)

geological estimation according to WILLS and CLAHAN

(2006), (WC06), (3) topographical slope estimation

according to WALD and ALLEN (2007), (WA07) using

(a) SRTM30 (Shuttle Radar Topography Mission)

with 30 arc-sec resolution and (b) SRTM3 with 3 arc-

sec resolution, and (4) a statistical compilation of

measurements and estimations in Southern California

(YONG et al. 2012).

Our analysis indicates that none of these estima-

tions has a significant effect on the recorded

amplitudes in our SJFZ data set. Figure 7 shows

results for estimates based on SRTM30 and YONG

et al. (2012). The SRTM30 estimation does not

produce a clear observable signal (Fig. 7a). The YONG

et al. (2012) Vs30 estimation has a weak observable

signature, indicating, as expected, that rock sites tend

to have higher amplitudes than soil sites (Fig. 7b).

This signature is seen for the magnitude range of

2 B M B 4 and is probably masked in the lower

range by scattering effects. Applying Eq. (2) and

regressing for both estimates, we find (Table 3) that

the uncertainty reduction in both cases is very small:

0.01 % for the SRTM30 and under 0.2 % for the

YONG et al. (2012) estimation. This is perhaps not

very surprising, given that many of the sites are on

rocks in an arid and mountainous terrain, where soil

development is relatively poor.

5.1.2.2 Fault Zone Amplification Our use of a very

dense network of stations around the SJFZ (Fig. 1)

allows us to test for statistical changes in the ground

motion amplitudes related to distance from the fault.

Starting with the initial deployment of the NSF SJFZ

CD project in September 2010, there has been a

progressive significant increase in the number and

density of near-fault stations. We, therefore, do not

expect a clear effect prior to that time; specifically,

the two ML [ 5 events in our database are not

expected to show this effect. Indeed, Fig. 8 shows a

clear signature of fault zone amplification in the

2 B M B 4 range, but not in higher magnitudes. The

lower range M \ 2 might suffer from scattering

effects; namely, the higher involved frequencies may

Table 2

Comparison between our basic model and other models with similar magnitude ranges

Models Magnitudes Nevents Nrecords Frequency band rt h (km)

CH08 2–7.3 75 958 Rock 1 s window envelopes 0.31 Rock 3

2,630 Soil 0.33 Soil

BA08 5–8 60 1,800 Different per record 0.566 1.35

BSSA13 3–8 350 15,000 Different per record 0.78 4.9

Phase 1—basic GMPE 1.5–6 650 20,000 1–30 Hz 0.968 13.45

Phase 2—GMPEDir 1.5–6 800 30,000 1–30 Hz 0.924 3.54

BA is for BOORE and ATKINSON (2008); BSSA13 is for BOORE et al. (2013); and CH08 is for CUA and HEATON (2008). Our GMPEs show higher

variability in amplitudes than the other models, probably due to the higher number of events and records, the extension to lower magnitudes

(seen also when comparing BA08 to BSSA13) and possibly additional scattering effects once we get below M 2. Our Phase 2—GMPE

considers rupture directivity as a first-order factor, as magnitude and distance
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be masked by scattering which is typically in the

same high frequency band. Table 3 shows that fault

zone amplification is overall more effective than what

was found for the Vs30 estimates with an uncertainty

reduction of 1 %.

5.1.2.3 Rupture Directivity We implement the

directivity tool of Sect. 4 within the regression

algorithm, assigning index of directivity IDir for

each PGA record corresponding to each station

orientation in each event. The color-coded values

of IDir show (Fig. 9) a clear signature in the

complete range of magnitudes for many of the

records satisfying the statistical requirements stated

in Sect. 4. Table 3 indicates that the directivity

index has the most significant effect among the

three examined factors, producing a 7.4 % uncer-

tainty reduction.

5.1.2.4 Hierarchical Ordering of Factors To sep-

arate and quantify different factors, we regress each

factor in hierarchical order based on their separate

significance. Since the site characteristic signature is

very small we neglect it and perform sequential

Figure 7
Site Characteristics. Two of the site characteristics models are presented: a topographical slope estimation using SRTM 30, and b Vs30

estimation according to a combined statistical approach (YONG et al. 2012). Color codes are in general: yellow for rock-sites and brown for

soil-sites. The SRTM 30 estimation seems to have a very poor signature, while the YONG et al. (2012) solution has clearly an observable

signature. Although observable, the actual uncertainty reduction after applying YONG et al. (2012) in Eq. (2) is only 0.2 %. The color codes for

all the following attenuation curves will be located in the the 5 B M B6 magnitude bin
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regressions first for directivity and then for fault zone

amplification.

5.1.3 The Addition of Directivity to the GMPE

Figure 10 displays the original records, along with

the basic GMPE and the values calculated by

GMPEDir, providing the new GMPE including the

directivity factor. Since for each record we assign

an index of directivity, we obtain the same number

of points as the original records with vertical

spread reflecting how well the GMPEDir values

cover (or explain) the original data. A wide spread

of the GMPEDir values around the basic GMPE

(within the original spread) means that the revised

GMPE provides a significantly modified (i.e. better)

Figure 7
continued

Table 3

Comparison between the different factors, controlling peak ground

motions, examined in Phase 1

Regression NCoeff rt drt (%)

Basic 7 0.968 –

SRTM 30 10 0.9679 0.01

YONG et al. (2012) 10 0.966 0.2

Fault zone 10 0.958 1

Directivity 10 0.896 7.4

GMPEDir?FZBH 13 0.853 11.9

The basic regression accounts for magnitude and distance, the

SRTM 30 and YONG et al. (2012) account for the addition of site

characteristics into the regression, Fault zone considers the normal-

to-fault distance of the stations, and directivity accounts for the

addition of rupture directivity into the GMPEs. rt is the uncertainty

quantified by the standard deviation, and drt is the reduction due to

the addition of each of these factors to the basic regression.

GMPEDir?FZBH represents the final solution (see text for details)
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explanation of the dataset, and, therefore, provides

lower variance. As seen, the directivity can explain

in our case almost an order of magnitude of the

two orders of variability in the dataset, leaving the

remaining variability to be explained by other

factors.

5.1.4 Residual Analysis

To clarify effects of additional factors affecting the

PGA values we perform a residual analysis. We

define residuals as the ratio between the observed

PGA and values provided by the GMPEDir:

res = PGA/GMPEDir, and examine the residuals per

station in the same magnitude bins as in the previous

sections. In each magnitude bin we identify three

classes of stations: (1) those showing the whole range

of residuals, (2) stations dominated by low residuals,

and (3) stations dominated by large residuals. To

simplify the pattern we display in Fig. 11 stations

based on the three ranges of minimum and maximum

residuals (resmin and resmax): (1) stations with

resmin C 0.5 and resmax C 2 designated as amplifiers

and marked in red, (2) stations with resmin B 0.5 and

resmax B 2 designated as dampers and marked in

blue, and (3) all the rest considered good-fit and

marked in green. In the magnitude range

1.5 B M B 4 there are stations showing a clear

Figure 8
Fault Zone Amplification. The normal-to-fault distances are categorized and used for color-coding the observations with reference to the

Phase 1—basic GMPE (black line). The end-member colors are: red for close stations (\1 km from the fault), and yellow indicates stations at

distances larger than 10 km from the fault. The effect seen as higher amplitudes at closer stations (red), is quite significant for the recordings

in the mid-magnitude range of M 2–4 events
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tendency for being amplifiers, dampers, or good-fit

(Fig. 11). The M [ 5 bin has the smallest amount of

data and probably largest statistical fluctuations

reflecting detailed factors of individual events not

examined here.

To highlight the general tendencies of stations, we

calculated an average that considers all the residuals

within the 1.5 B M B 4 range where we have ample

data (Fig. 12). The rule of thumb is that amplifying

stations have at least one magnitude bin, showing

amplification, and no magnitude bin showing damp-

ing, and the opposite rule defines the dampers. All the

other options are considered good-fit, either because

they are consistently green (good-fit, Fig. 11), or

because they show no clear tendency. This definition

is done automatically in a quantitative manner,

considering also the average values of residuals in

each station. Examination of the amplifiers and

dampers reveals two clear effects (Fig. 12). One

involves eight dampers associated with borehole or

posthole stations in a depth range of 10–200 m. This

may be since these stations are located below the low

shear-velocity surface layer (*5–10 m depth, e.g.,

LOUIE 2001; WU and HUANG 2013), in which the

benefit of removing high-frequency surface noise is

bundled with the drawback of losing some of the high

amplitudes of high-frequency seismic signals, result-

ing in some cases with lower amplitudes (AL-SHUKRI

Figure 9
Rupture Directivity. Applying the directivity tool we color–coded the observations according to their index of directivity. The dark blue end-

member represents recordings near the direction of rupture, that have strong directivity signals. The signature of this factor in the data could be

seen in the magnitude range of M 1.5–4; higher amplitudes represent in many cases the direction of rupture. It is absent in the M 5–6 range,

due to the weak signals (as in Case 1 in Fig. 3). We suspect that this is due to the fault size of large events and how it compares to the event-

station distances, and/or due to non-linear amplification related to site characteristics, which becomes significant for larger events
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et al. 1995; VERNON et al. 1998). The second category

involves surface stations that are within 1 km normal-

to-fault distances including the three linear arrays

crossing the Anza/Clark segment. Almost all stations

within that distance are amplifiers and probably

reflects reduced elastic moduli associated with dam-

aged fault zone rocks (e.g., BEN-ZION and SAMMIS

2003, and references therein). These two effects can

be treated separately in the process of improving the

GMPE, by assigning the following station indices:

100 for amplifiers, 0.1 for dampers and 1 for the rest.

Using these station values in the regression process

according to Eq. (2) leads to:

LnðY3Þ ¼ b11 þ b12LnðXÞ þ b13LnðY2Þ; ð7Þ

where Y2 = GMPEDir, X is the vector of the assigned

indices and Y3 is the resulting GMPE. Figure 13 presents

the results where the original PGA values are plotted

together with the basic and new GMPE, GMPEDir?FZBH,

accounting for the directivity effect, the borehole

damping (BH) and fault zone amplification (FZ). The

color code corresponds to the amplifiers, dampers and

good-fit stations. The uncertainty is reduced (Table 3)

fromrt = 0.896 for the GMPEDir solution to rt = 0.852

for this new solution GMPEDir?FZBH, reflecting addi-

tional uncertainty reduction of 4.9 % and a total

reduction of 11.9 % relative to the basic GMPE. This is

the final result based on the uncorrected database used in

our first stage analysis.

Figure 10
Phase 1—GMPEDir plot. Here we show the original PGA observations (grey dots), the basic GMPE (black line), and the GMPEDir accounting

also for rupture directivity (dark to light blue). Note that the GMPEDir is spread around the basic GMPE, since it is calculated for each event-

station combination: narrow spreads would reflect small uncertainty reduction and wide spreads would reflect significant uncertainty

reduction. A perfect GMPE would have a similar spread as the observations. In our case the uncertainty reduction is 7.4 %

3062 I. Kurzon et al. Pure Appl. Geophys.



5.2. Stage 2—PGV and 5 % Damped PSA Analysis

The procedure used for the PGA analysis has

the following steps: (1) regression for magnitude

and distance, (2) regression for rupture directivity

according to the PGA analysis, (3) additional

regression for borehole damping and fault zone

Figure 11
Station classification according to residuals. This step is done still in magnitude range, since we wanted to examine whether we see residuals

relatively insensitive to M. Red are amplified stations, blue are damped and green show good-fit between observations and GMPEDir. It is

evident that in the magnitude range of M 1.5–4 station classification tend to show consistency. We use the M 1.5–4 range to average the

residuals and classify the stations for that magnitude range
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amplification according to the amplifiers and

dampers. Applying the same procedure to the

PGV and PSA datasets we obtain a full set of

GMPEs presented in Tables 4, 5, 6. The different

GMPEs presented in these tables have several

interesting features outlined below.

There is a general trend of rt, the uncertainty of

the basic regression, showing higher values for

shorter periods, corresponding to noise coming from

higher frequencies. In addition, both the apparent

depth, hA, and the uncertainty, rt, are showing

similarity to the PGA values, between 0.1 and 0.4 s

(*2.5–10 Hz), reflecting the frequency-band that

dominates the PGA values. The uncertainty reduction

due the addition of directivity, borehole damping and

fault zone amplification reveals an interesting effect.

The PGA and shorter period PSA show high drt in

relation to the directivity (Table 5) and lower drt in

relation to the borehole damping and fault zone

amplification (Table 6). For longer periods the ten-

dency flips, with lower values of drt in relation to

directivity than in relation to BHFZ. This may be

explained partially by the fact that the higher

frequency range works the best for the directivity

Figure 12
Amplifiers and Dampers. Here we show the station classification following the residual analysis (see text for further details). Red triangles are

for stations that tend to amplify, blue triangles are for stations that damp the signals, and green triangles show good-fit between observations

and GMPEDir. A closer look would reveal that many of the stations close to the fault segments are amplifiers (red inverted triangles). The blue

dampers close to the fault are borehole or posthole sites buried at least 10 m below the surface (blue inverted triangles)
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tool (which might be also due to the large portion of

small events), and the dominance of fault zone

amplification for lower frequencies may reflect

trapped waves and other phases in fault damage

zones (e.g. BEN-ZION and AKI 1990; LI et al. 2002;

BEN-ZION et al. 2003).

6. Results Phase 2

The aftershock sequence of the ML 5.1 from

March 2013 was recorded by a denser network than

the previous events, adding *40 stations to the net-

work, with 20 being part of two linear arrays across

the San Jacinto Fault. The initial merging of the data

failed (did not converge) the basic regression for

magnitude and distance (Eq. 1) used in the first phase,

and required a different approach. Several subsets

excluding stations and/or events were attempted and

led to large uncertainties (rt * 1.2) when regression

succeeded. The initial efforts indicated that there is

something different about this new dataset, and that

the additional fault zone stations might also contrib-

ute to the diversity of results. This suggested that

there is an additional factor (or factors) that should be

treated as a first-order factor like magnitude and

distance. Both the directivity and fault zone amplifi-

cation were examined, using a similar equation as

Figure 13
The Phase 1—GMPEDir?BHFZ. Here we show the observations (grey dots), the basic GMPE (black line) and the GMPEDir?BHFZ color-coded

according to the station classification. The overall improvement of this model is reflected by the 11.9 % uncertainty reduction and the wider

spread of the predicted values
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Eq. (1), only with an additional term, d1Ln(X), for the

contribution of the examined factor. While the fault

zone amplification term failed in the regression, the

directivity proved very useful, providing new GMPEs

with reduced variance for the different subsets

examined. The new formulation used for the regres-

sion is:

LnðY1Þ ¼ e1 þ e2 M �Mh
	 


þ e3 M �Mhð Þ2þ

c1 þ c2 M �Mrefð Þ½ � � Ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
e þ h2

A

q

�

Rref

� �

þ c3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
e þ h2

A

q

�

Rref

� �

þ d1LnðIDirÞ;

ð8Þ

Table 4

Distance (c1, c2, c3) and magnitude (e1, e2, e3) coefficients of the complete set of Phase 1—GMPEs, for PGA, PGV and 5 % damped PSA

e1 e2 e3 c1 c2 c3 hA rt

PGA 0.210 3.220 0.036 -2.840 -0.361 0.021 13.452 0.968

0.03 s 4.452 3.404 0.044 -3.973 -0.446 0.033 18.886 0.982

0.05 s 3.011 3.517 0.008 -3.430 -0.467 0.026 17.264 0.987

0.075 s 3.652 3.804 -0.040 -3.630 -0.503 0.031 18.645 0.969

0.1 s 0.704 3.546 -0.091 -2.746 -0.402 0.021 14.447 0.934

0.15 s -1.321 3.483 -0.122 -2.246 -0.339 0.017 12.014 0.941

0.2 s -1.691 3.608 -0.119 -2.293 -0.344 0.019 12.077 0.943

0.25 s -1.639 3.728 -0.098 -2.467 -0.360 0.023 12.553 0.955

0.3 s -1.465 3.818 -0.095 -2.641 -0.372 0.026 13.364 0.958

0.4 s -1.880 3.825 -0.078 -2.690 -0.359 0.027 13.860 0.943

0.5 s -1.498 3.911 -0.045 -2.980 -0.375 0.032 15.537 0.926

0.75 s -0.209 4.005 0.009 -3.655 -0.407 0.041 19.401 0.909

1 s 1.247 3.364 -0.015 -3.129 -0.385 0.024 16.376 0.922

PGV 0.997 2.836 -0.049 -2.081 -0.166 0.013 10.405 0.928

hA is the apparent depth calculated by the regression, and rt is the uncertainty quantified by the standard deviation

Table 5

Directivity (b1, b2, b3) coefficients of the complete set of Phase 1—

GMPEs, for PGA, PGV, and 5 % damped PSA

b1 b2 b3 rt drt (%)

PGA -2.558 0.912 0.952 0.896 7.4

0.03 s -2.482 0.918 0.961 0.920 6.26

0.05 s -2.472 0.913 0.959 0.925 6.24

0.075 s -2.329 0.850 0.959 0.914 5.69

0.1 s -2.071 0.748 0.962 0.889 4.79

0.15 s -1.783 0.633 0.966 0.910 3.32

0.2 s -1.569 0.549 0.970 0.920 2.49

0.25 s -1.519 0.522 0.971 0.934 2.19

0.3 s -1.485 0.507 0.972 0.938 2.07

0.4 s -1.385 0.466 0.974 0.926 1.79

0.5 s -1.388 0.463 0.975 0.909 1.83

0.75 s -1.459 0.483 0.975 0.890 2.03

1 s -6.694 0.506 0.789 0.938 -1.81

PGV -2.330 0.918 0.969 0.873 5.9

rt is the uncertainty after the addition of the directivity into the

GMPEs, and drt is the corresponding uncertainty change. While for

the short period range there is a reduction in the uncertainty, for

increasing periods this reduction diminishes, indicating that the

effect of directivity is dominant for the higher frequency range

Table 6

Borehole Damping and Fault Zone Amplification (a1, a2, a3)

coefficients of the complete set of Phase 1—GMPEs, for PGA,

PGV, and 5 % damped PSA

a1 a2 a3 rt drt (%) to

Basic

drt (%) to

Directivity

PGA -0.538 0.130 0.957 0.852 11.9 4.9

0.03 s -0.718 0.346 0.976 0.886 9.80 3.78

0.05 s -0.738 0.359 0.975 0.887 10.06 4.07

0.075 s -0.719 0.350 0.976 0.878 9.47 4.01

0.1 s -0.697 0.336 0.976 0.854 8.54 3.93

0.15 s -0.700 0.334 0.977 0.876 6.88 3.69

0.2 s -0.678 0.324 0.979 0.888 5.80 3.39

0.25 s -0.670 0.319 0.980 0.904 5.29 3.17

0.3 s -0.647 0.308 0.981 0.911 4.94 2.93

0.4 s -0.648 0.307 0.982 0.899 4.73 2.99

0.5 s -0.652 0.308 0.982 0.881 4.89 3.12

0.75 s -0.653 0.302 0.983 0.863 5.08 3.11

1 s -0.878 0.298 0.966 0.913 0.96 2.73

PGV -0.329 0.108 0.966 0.843 9.1 3.4

rt is the corresponding uncertainty, and drt is the uncertainty

change in relation to the basic GMPE (Table 4) and to GMPEDir

(Table 5)
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where d1 is the coefficient for the directivity term,

and generates GMPEDir solutions as in Phase 1. We

can reverse now and replace the last term in Eq. (8)

with d1Lnð~IDirÞ, in which ~IDir is the average of the IDir

values, providing a discreet basic GMPE as was

generated in the initial stage of Phase 1.

Figure 14 shows a comparison between two

datasets, the one used for Phase 1 (blue), and the

additional dataset of March 2013 (orange–red).

Figure 14a presents the PGA records together with

their corresponding basic GMPEs generated by

Eq. (8), replacing the last term by d1Lnð~IDirÞ, and

Fig. 14b shows the basic GMPEs together with

their corresponding GMPEDir. Although the spread

of PGA values is overlapping for both datasets,

there is a larger variance for the March 2013

dataset, seen in the lower magnitude range, espe-

cially 1.5 B M B 2. The basic GMPE for March

2013 shows higher-amplitude attenuation curve than

the ones produced for the Phase 1 dataset, espe-

cially in the closer epicentral distance Re \ 10 km.

The GMPEDir seen in Fig. 14b accounts for mag-

nitude, distance and rupture directivity, explaining a

significant proportion of the variance of the original

PGA records: (a) for the dataset of March 2013—

beginning with no conversion when using Eq. (1),

through rt = 1.2 for pre-averaging of the arrays, to

rt = 1.044 when using Eq. (8), and (b) for the

Figure 14
Phase 1 vs. March 2013 datasets: blue for the Phase 1 dataset, and orange-red for the March 2013 dataset. a observations (diamonds) and the

basic GMPE (curves) calculated for both datasets; b the basic GMPE (curves) and the GMPEDir (diamonds) calculated for both datasets. The

March 2013 dataset shows a clear tendency for higher amplitudes and amplified GMPE curves in comparison with the Phase 1 dataset (see text

for further details). The lower curve seen for the ML 5.1 of March 2013, is probably due its significant lower magnitude in comparison with the

ML 5.6 of June 2005 and ML 5.9 of July 2010
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Phase 1 dataset—from rt = 0.968 when using

Eq. (1) to rt = 0.894 when using Eq. (8), which is

similar to the rt = 0.896 of the Phase 1—GMPEDir

(see Table 7).

Merging the March 2013 with the Phase 1 dataset,

we have taken one more measure to improve our

GMPEs, also for treating the c3 problem discussed

above, setting epicentral distances cutoff for different

ranges of magnitudes. We have set the epicentral

distances for the new merged dataset (Phase 2) to be

M \ 3 up to 80 km, 3 B M \ 5 up to 100 km, and

5 B M \ 6 up to 150 km (Fig. 15a). These settings

decrease the weight of small events in large distances,

allowing the larger distances to be dominated by the

larger events, and reducing some of the noise

affecting the generation of the GMPEs. Figure 15b

shows a comparison between several different

GMPEs for the PGA records of Phase 2, in relation to

the Phase 1—basic GMPE represented by a dashed

black line. The up-bending, c3 related, of the GMPEs

at the far distance ([80 km), seen in the Phase 1—

basic GMPE, disappears in the Phase 2 solution. The

GMPEDir spread (blue color scale) is similar to what

was seen in phase 1 with a rt = 0.92 (slightly higher

than the Phase 1—GMPEDir solution) and the bold

black curve is the basic GMPE derived from replac-

ing the last term in Eq. (8) with d1Lnð~IDirÞ. We added

another solution here, basic GMPEHighDir (blue

curve), obtained by considering only the GMPEDir

values larger than ~IDir and averaging them. This

provides an amplified GMPE that should be applied

for sites that are in the direction of rupture. For

hazard assessment this kind of prediction might be

more meaningful than the basic GMPE, or the

GMPEDir. In fact, it does something similar to the

directivity predictive models implemented in GMPEs

Figure 14
continued
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(e.g., SPUDICH et al. 2012 and references therein),

providing an upper attenuation curve estimation for

regions within the direction of rupture.

Calculating the residuals of the Phase 2—

GMPEDir in relation to the observed PGA records, we

examined whether we see special tendencies in sta-

tion or events distribution. An initially surprising

result was that we could not see any similar station

distribution, indicating Fault Zone amplification, as

we have seen in the Phase 1 residual analysis

(Fig. 12). This may stem from two possible reasons.

First, the new GMPE curves are amplified in relation

to the Phase 1—GMPEs, partly due to the increasing

weight of stations and records within the Fault Zone,

so that the GMPE already includes (at least partially)

fault zone amplification. Second, there is something

different in a significant portion of the March 2013

ground motion records, providing PGA values with a

larger spread per magnitude-distance, so that any

Phase 1—tendencies are masked by the new records;

this is suggested by the large uncertainty of the

March 2013 data, which hardly changed, even for

different subsets of stations (Table 7).

Figure 16 presents a residual analysis for the

events, where the variance of the residuals per event,

resvar, is plotted; large resvar reflects large variance of

the residuals and is associated with amplified events,

and small resvar reflects small variance of the residuals

and is associated with damped events. We use a color

scale in which 0.5 B resvar B 2 is a reasonable value

per event (green), and beyond these limits resvar might

indicate a spatial or source signature. Since we are

interested in explaining some of the difficulties we had

regressing the March 2013 dataset and understanding

the large uncertainty associated with it, we examine

mainly the large resvar (orange to red) values. If a group

of events are clustered in space and/or time and show a

clear tendency in their resvar values, this would indicate

that something about the source mechanisms or source

region is dominating the amplitudes recorded for the

event. Figure 16a shows the complete Phase 2—

residual analysis in all magnitude bins. The higher

range of magnitudes, 3 B M \ 6, seem to have small

resvar values, especially the ML 5.1 of March 2013

(blue), so we should examine closer the lower magni-

tude range of 1.5 B M \ 3. Fig. 16b, e compare

results for three subsets: (1) the main shocks, which are

events with no clear aftershock sequences within the

dataset, (2) the June 2005 and July 2010 aftershock

sequences, and (3) the March 2013 aftershock

sequence. The main shocks in Fig. 16b have low to

high resvar values, in which possible spatial tendencies

could be identified, such as the low resvar in the SE of

the fault, and in two clusters: to the NW of the Tri-

furcation, and to the SE of the Hot Springs cluster. The

June 2005 and July 2010 (Fig. 16c) are mainly domi-

nated by mid-range resvar values, which are also

reflected by the corresponding low value of uncertainty

(Table 7). The March 2013 dataset (Fig. 16d) displays

the entire range of resvar, but events in the main cluster

in the close vicinity of the ML 5.1 have relatively high

values of resvar (orange to red). This indicates that the

main source region and/or mechanisms are dominating

the large resvar values and the large uncertainty seen for

the March 2013 dataset. Even after considering only

the stations that existed also in the Phase 1 dataset

(Fig. 16e), there is still a clear signature of large resvar

values, which is especially pronounced for the

1.5 B M \ 2 range. Removing all the new stations out

Table 7

Regression results for the Phase 1 and Phase 2 datasets, and some

of the subsets examined during the process of developing the Phase

2—GMPEs

Datasets Equation NCoeff Nrecords Nevents rt

Phase 1—basic GMPE 1 7 19,993 655 0.968

Phase 1—GMPEDir 1 ? 2 10 19,993 655 0.896

Phase 1—GMPEDir 8 8 19,993 655 0.894

March 2013, averaged

arrays

1 7 7,737 154 1.199

March 2013 8 8 12,874 154 1.044

March 2013, old

Stations

8 8 8,886 154 1.035

Phase 2—GMPEDir 8 8 29,474 809 0.924

Phase 2—

GMPEHighDir

8 8 18,253 809 0.985

June 2005

July 2010

8 8 5,525 171 0.752

Main shocks 8 8 14,867 487 0.926

The table shows the equation used for the regression, the number of

derived coefficients, NCoeff, the number of records and events used

per regression, Nrecords and Nevents, and the total uncertainty, rt. The

March 2013 dataset showed a significant improvement only when

the directivity factor was treated as a first-order factor, just as

magnitude and distance, using Eq. (8). The Phase 2 results (bold)

are the final outcome of merging the Phase 1 and March 2013

datasets (see text for further details)
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of the March 2013 dataset leads to uncertainty reduc-

tion by less than 1 % (from rt = 1.044 to rt = 1.035).

7. Discussion

The two phases of this research illuminate dif-

ferent aspects of the development of GMPEs in a

local system, and what considerations should be

taken into account for the main factors controlling

ground motions. The first phase emphasized the roles

of rupture directivity, fault zone amplification, post-

hole damping and site characteristics, in determining

the amplitude of ground motions. The second phase

showed the effects of (a) including different source

mechanisms and/or source regions, and (b) shifting

the station balance towards including more data from

the fault zone. Both phases were essential for the

insights presented in this paper discussed further

below.

7.1. Removing the Vs30 for the SJFZ

One of the interesting outcomes of this study is

the insignificant role of site characteristics for

GMPEs in the SJFZ, unlike many other studies

(e.g., CUA and HEATON 2008). Although we have

shown that site-characteristics have a signature within

the data (Fig. 7b), this signature did not translate into

a significant factor affecting a large proportion of the

data. Furthermore, it could be seen (Fig. 7b) that the

majority of records were classified as rock sites

according to YONG et al. (2012), which might explain

the small effect the minority of soil sites had on the

overall data. This is not surprising since most of the

sites of the Anza and SJFZ project stations were

installed in granite or weathered granite (SHARP 1967)

that, while being softer, seems to have similar site

characteristics as un-weathered granite. For these

reasons we have chosen to remove this factor from

our analysis, although it should be considered in a

study including minor effects. Perhaps for M [ 5

events, some of the soil sites and maybe even the

weathered granite would show non-linear amplifica-

tions as seen in other works (e.g., BOORE and

ATKINSON 2008). However, for that range we do not

have enough data for analysis.

7.2. Directivity of Rupture

Besides the ability of the directivity tool to

identify the rupture directivity (Fig. 5), we have seen

that implementing the tool within the GMPE regres-

sion scheme reduces the uncertainty of the peak

ground motion values. This notion, derived initially

through the Phase 1 analysis, is implemented in Phase

2, allowing the regression to generate successfully the

GMPEs (which without this factor was failing to

converge). In addition, as seen in the Phase 2

analysis, the directivity factor is significant enough

in the SJFZ to be considered a first-order factor,

similar to magnitude and distance.

Deriving the basic GMPEHighDir for the direction

of rupture (see Fig. 15b) provides a possibly more

significant attenuation curve for the use of engineers,

estimating the median GMPE that would apply if one

considers the worst directivity case. This curve,

which is higher by a factor of 2 from the Phase 2—

basic GMPE, has a similar effect as the directivity

models implemented in the NGA-West 2 GMPEs

(e.g., SPUDICH et al. 2012, and references therein),

estimating the upper shift of the attenuation curves in

the direction of rupture. The advantage in our model

is that we do not assume anything about the source;

the directivity tool reveals the nature of the seismic

events directly from the peak ground motion values.

This was shown to be effective for M \ 5; for the

small number of high-magnitude events in the

dataset, the directivity tool shows weak directivity

signals, which might be a result of masking by other

factors (such as non-linear site response or a dom-

inant radiation pattern). For M [ 5 events, the

source-model-based approach (e.g., SPUDICH and

Figure 15
Phase 2—GMPEs. a Magnitude-distance distribution after merging

the Phase 1 and March 2013 datasets, and selecting records

according to epicentral distance-magnitude categories: M 1.5–3 up

to 80 km, M 3–5 up to 100 km, and M 5–6 up to 150 km. b Phase 2

to Phase 1 GMPEs comparison. Here we show the observations in

grey, the Phase 2—GMPEDir in the blue scale, the Phase 1—basic

GMPE (dashed black curve), and the Phase 2—GMPEDir (the bold

black curve). The Phase 2 shows slightly higher curves, and has

better fit to the complete Phase 2 dataset. In addition, the blue curve

represents the GMPEHighDir appropriate for the direction of rupture,

and showing higher estimation of attenuation curves (see text for

more details)

b
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Figure 16
Phase 2—Residual analysis for events. The residuals are analyzed for each event and color-coded according to resvar, the variance of the

residuals. Green dots show moderate variance and associate with events showing good fit to predictions, blue dots show small variance and

associate with damped events (those events with overestimation of the predictions), and orange to red dots show large variance, associating

with amplified events, in which the GMPEs underestimate the actual observations. a All events, b–e M 1.5–3: b main shocks, c aftershocks

June 2005 and July 2010, d aftershocks March 2013 all stations, and e aftershocks March 2013 old stations. The main feature of these figures

is that the March 2013 dataset shows very high variance in the source region for M 1.5–3, which seems to be a combination of source

characteristics and fault zone new stations, and explains the high uncertainty seen in the March 2013 dataset
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CHIOU 2008) might provide a more reliable estimation

for sites in the direction of rupture.

The larger uncertainty seen in the basic

GMPEHighDir may originate in the fact that the

directivity tool is mainly sensitive to the difference

between stations in the direction of rupture, as

opposed to stations in other directions. It is not as

sensitive to the differences in between the records

with high directivity signals. Note that for the PGA

and PGV we could set even higher levels of IDir to

generate higher curves of basic GMPEHighDir but for

consistency reason we used the minimum IDir

possible so that also the PSA records would

converge.

The persistent directivity observed for the trifur-

cation area (Fig. 5) is consistent with theoretical

predictions for bimaterial ruptures with preferred

propagation direction (e.g., ANDREWS and BEN-ZION

Figure 16
continued
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1997; BEN-ZION and SHI 2005; AMPUERO and BEN-ZION

2008) associated with the local velocity structure

(ALLAM and BEN-ZION 2012; ALLAM et al. 2014) and

observed asymmetry of rock damage across the SJFZ

(LEWIS et al. 2005; WECHSLER et al. 2009). A more

detailed comparison between observed directions of

earthquake ruptures in different sections of the SJFZ

and theoretical predictions for bimaterial ruptures is

left for future work.

7.3. Fault Zone Amplification

Fault Zone Amplification shows a very dominant

role in the Phase 1 analysis. In fact, as noted above,

since many of the new stations (the additional ones of

March 2013) are located in the fault zone, the weight

of fault zone stations contributes to the higher curves

of Phase 2—GMPEs (Fig. 15b).

Amplification of ground motions in the fault

zone could be the outcome of several reasons. (1)

Figure 16
continued
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Body wave amplification resulting from the radia-

tion pattern of the source with different orientations

for the P and S phases (e.g., AKI and RICHARDS

2002). (2) Trapped waves and other internal

reflections within the damage zone (e.g., BEN-ZION

and AKI 1990; LI et al. 2002; BEN-ZION et al.

2003). (3) Reduction in stiffness within the damage

zone might cause amplification on the normal

component close to the fault (e.g., PISCHIUTTA

et al. 2012, 2013). (4) Rupture directivity, dis-

cussed above, is in most cases parallel or sub-

parallel to the fault zone orientation (when slip

surfaces are also parallel to the fault zone orien-

tation), leading to amplification in the direction of

rupture for near-fault stations. The specific factors

or combination of factors for fault zone

Table 8

Coefficients of the complete set of Phase 2—GMPEs, for PGA, PGV, and 5 % damped PSA. c1, c2, c3 are the distance coefficients, e1, e2, e3

are the magnitude coefficients, hA is the apparent depth, and rt is the uncertainty; d1 is the directivity coefficient seen in Eq. (8)

e1 e2 e3 c1 c2 c3 d1 hA rt

PGA -6.822 2.549 -0.121 -0.953 -0.138 -0.013 0.892 3.547 0.924

0.03 s -5.345 2.453 -0.082 -1.220 -0.165 -0.012 0.842 4.127 0.962

0.05 s -5.666 2.594 -0.129 -1.046 -0.186 -0.013 0.882 3.253 0.962

0.075 s -6.001 2.726 -0.187 -0.863 -0.174 -0.015 0.842 3.379 0.950

0.1 s -6.215 2.877 -0.228 -0.805 -0.171 -0.014 0.772 3.316 0.936

0.15 s -6.754 2.990 -0.254 -0.731 -0.151 -0.013 0.684 3.298 0.966

0.2 s -6.971 3.073 -0.247 -0.752 -0.141 -0.011 0.610 3.954 0.961

0.25 s -7.539 3.093 -0.226 -0.671 -0.129 -0.013 0.591 3.368 0.970

0.3 s -7.840 3.134 -0.221 -0.675 -0.130 -0.013 0.577 3.703 0.970

0.4 s -8.312 3.138 -0.200 -0.677 -0.116 -0.013 0.530 4.016 0.942

0.5 s -8.684 3.152 -0.163 -0.715 -0.116 -0.012 0.525 4.427 0.914

0.75 s -9.856 3.094 -0.089 -0.587 -0.117 -0.016 0.514 3.606 0.892

1 s -10.395 3.057 -0.031 -0.609 -0.134 -0.016 0.516 3.937 0.884

PGV -4.102 2.606 -0.150 -0.879 -0.058 -0.011 0.884 4.224 0.894

The value of d1 indicates that in the short period range the directivity term is dominant, similar to the PGA equation. The uncertainty and

apparent depth do not seem to reflect any clear period-dependent signature

Table 9

Same as Table 8, only that the regression was done for stations in the direction of rupture (those having higher Acorr values)

e1 e2 e3 c1 c2 c3 d1 hA rt

PGA -7.532 2.557 -0.105 -1.121 -0.142 -0.008 1.308 3.749 0.985

0.03 s -5.934 2.425 -0.048 -1.427 -0.166 -0.005 1.248 4.071 1.016

0.05 s -6.801 2.524 -0.096 -1.131 -0.169 -0.010 1.395 3.765 1.007

0.075 s -6.747 2.805 -0.163 -1.015 -0.198 -0.011 1.266 3.383 0.997

0.1 s -6.771 3.042 -0.205 -0.979 -0.215 -0.011 1.158 3.437 0.979

0.15 s -7.497 3.073 -0.238 -0.866 -0.171 -0.009 1.131 3.401 1.006

0.2 s -8.206 3.192 -0.230 -0.895 -0.171 -0.008 1.264 3.842 0.998

0.25 s -8.839 3.143 -0.219 -0.795 -0.141 -0.010 1.258 3.400 1.008

0.3 s -9.062 3.367 -0.197 -0.825 -0.191 -0.010 1.224 3.194 1.005

0.4 s -9.546 3.167 -0.190 -0.764 -0.120 -0.010 1.146 3.684 0.971

0.5 s -9.888 3.304 -0.142 -0.834 -0.152 -0.010 1.149 3.929 0.937

0.75 s -11.02 3.202 -0.064 -0.718 -0.142 -0.013 1.136 3.245 0.913

1 s -11.88 3.135 -0.006 -0.713 -0.152 -0.013 1.230 3.036 0.911

PGV -4.580 2.772 -0.124 -1.015 -0.101 -0.008 1.185 4.092 0.964

This GMPEHighDir shows higher amplitude curves than the GMPEDir of Table 8 and larger uncertainties; however, it provides a good

estimation of the upper bound of peak ground motions in the direction of rupture (see text for further details)
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amplification in the SJFZ could be revealed by a

careful examination of the normal—parallel and

radial—transversal coordinate systems, under dif-

ferent frequency bands. For example, the directivity

tool could be set in different levels of confidence,

using the radial—transversal—vertical coordinate

system, and analyzing separately the P and S

phases. Such detailed analysis may be done in a

follow-up work.

From the Phase 1 analysis of the PGA and PSA

values we observe (Tables 5, 6) an interesting trend.

The PGA and shorter period (B0.1 s) PSA values are

more affected by the directivity factor than by the

fault zone amplification and borehole-damping fac-

tor. For longer periods ([0.1 s), in which the effect of

directivity is small, fault zone amplification and

borehole damping become more significant. We do

not observe any obvious period-dependent signature

related to the effect of fault zone amplification and

borehole damping; the uncertainly reduction of the

PSA GMPEs is of the order of 3 % with no clear

trend. The Phase 2—GMPEs for the PSA values

support the above insight, showing that the directivity

effect, d1, is more dominant in the shorter periods

than in the longer ones (Tables 8, 9).

Figure 17 presents the GMPEs for PGV and for

two periods of PSA, 0.1 and 1 s, reflecting the two

spectral bands discussed above. In these plots we

adjusted the records (grey) according to the reference

curve calculated within each magnitude bin. This

adjustment adds a slight compaction of the records

towards the attenuation curve (black bold line),

correcting the magnitude spread of the records within

each magnitude range. Also shown is the Phase 2—

GMPEDir spread (blue color scale), expressing the

extent of variance that is explained by the GMPEs.

Figure 17d represents Table 8, showing the GMPEs

for all the calculated PSA datasets (0.03 s—1 s), in

relation to the PGA curve. The PSA curves range

from 1 to 1.5 orders of magnitudes in the M 3–6

range, and increase for smaller magnitudes up to 2.5

orders of magnitudes. This is not surprising, since

smaller magnitudes reflect higher frequencies, and

smaller amplitudes, which might partly originate

from scattering and noise effects.

8. Conclusions

We have developed two sets of GMPEs for hori-

zontal peak ground motions, for PGA, PGV, and 5 %

damped PSA records, appropriate for the SJFZ area.

These equations account for magnitude, distance,

rupture directivity, fault zone amplification and bore-

hole damping. We have shown that besides the obvious

distance and magnitude factors, rupture directivity and

fault zone amplification have a significant role in

explaining some of the variations seen in the obser-

vations. According to the Phase 1 analysis, the overall

uncertainty reduction due to both factors ranges from 1

to 12 %, for the PGA and PSA values. In the Phase 2

analysis, the fault zone amplification seems to shift up

the peak ground motion values, showing higher GMPE

curves, and rupture directivity explains a significant

amount of the data-variation. In Phase 1, there is a shift

in the impact of directivity and fault zone amplifica-

tion, from a more dominant directivity effect for the

PGA and high frequencies PSA, to a more dominant

fault zone amplification and borehole damping for the

lower frequency range of the PSA (0.2–1 s). A similar

tendency is seen in the Phase 2 dataset, in which the

directivity coefficient (Table 8) is larger for PGA and

short-period PSAs (\0.2 s).

The directivity tool has been found to provide

useful results, not only for the generation of GMPEs,

but also for a closer study of the fault segments and

their tendency to rupture in specific directions. Fault

zone amplification seems also to play an important

role in affecting the peak ground motion, and further

work should be done to identify the specific sources

of this effect. The roles of both factors are signifi-

cantly more important in the examined data than the

traditional consideration of site characteristics,

maybe because many of the sites, even in soft ground,

could be considered rock sites.

Figure 17
Phase 2—GMPEs for two PSA periods: a 0.1 s and b 1 s, for

c PGV, and d a PSA to PGA comparison. The records (grey) in the

first three plots are adjusted according to the magnitude of the

reference attenuation curve (black line); see text for more details.

As in the previous plots, we also show the Phase 2—GMPEDir

spread (blue color scale). The last plot (d) summarizes Table 8,

showing all the PSA curves from 1 to 0.03 s and in relation to the

PGA curve (dashed). Note that the PGA corresponds with periods

of 0.1–0.4 s. See text for details

b
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The Phase 1—GMPEs, although illuminating

nicely the main factors controlling ground motions, is

incomplete. We believe that the more statistically

robust Phase 2—GMPEDir is the most representative

of the region, accounting for larger variability in

station location, and source mechanisms, and pro-

viding a better prediction for the sites near the events.

In fact, by masking fault zone amplification due to

the large weight of fault zone stations, the Phase 2—

GMPEDir reflects the narrow band around the fault

Figure 17
continued
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segments (*1 km wide). The Phase 2—basic

GMPEHighDir provides even a higher estimation for

sites in the direction of rupture, and should also be

considered. Currently, there are no data that would

allow us to extend the analysis of ground motion

parameters in the SJFZ environment for larger

earthquakes (M [ 6), which is a significant practical

limitation of the present study. However, such events

are expected to occur in the not-too-distant future

(ZÖLLER and BEN-ZION 2014; Working Group on

California Earthquake Probabilities http://www.

wgcep.org/) and could be used to test the generality

and extent of our results.

The large difference seen in the GMPEs from

Phase 1 to Phase 2, should serve as a cautionary note

in using GMPEs to predict future motions, comparing

different datasets, and applying models to new data-

sets. Earthquake ground motions are controlled by a

complex interaction among multiple factors, and a

model developed for a specific region based on given

data may not necessarily perform better than a model

developed for another dataset and region.

Data Sources

Seismic data used in this study are gathered and

managed by the following networks:

1. The Anza network (AZ) and the SJFZ (YN)

network are operated by IGPP, University of

California, San Diego http://eqinfo.ucsd.edu/.

2. The SCSN network (CI) is the Southern California

Seismic Network operated by Caltech and USGS

http://www.scsn.org/.

3. The PBO network (PB) is the Plate Boundary

Observatory operated by UNAVCO http://www.

earthscope.org/science/observatories//pbo.

4. The SB network is operated by University of

California, Santa Barbara http://nees.ucsb.edu/

publications.

5. Gaps in data were filled by the IRIS Data

Management Center (DMC) http://www.iris.edu/

dms/dmc/.

6. Instrumentation for seismic stations was provided

by IRIS PASSCAL http://www.passcal.nmt.edu/.

Grids for maps were downloaded from the web-

tool:

http://www.marine-geo.org/tools/maps_grids.php.
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