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ABSTRACT
The NGA-Subduction (NGA-Sub) project is one in a series of Next Generation Attenuation
(NGA) projects directed towards database and ground-motion model development for
applications in seismic-demand characterization. Whereas prior projects had targeted shallow
crustal earthquakes, active tectonic regions (NGA-West1 and NGA-West2), and stable
continental regions (NGA-East), NGA-Sub is the first to address specifically subduction zones,
which are a dominant source of seismic hazard in many regions globally, including the Pacific
Northwest region of the United States and Canada.
This report describes the development of data resources for the NGA-Sub project.
Agreements were formed with many owners and providers of ground-motion data and metadata
worldwide to support data collection. Prior NGA projects organized the data collected into a
series of spreadsheets. The enormous amount of the collected data for NGA-Sub required
abandoning that strategy and ultimately the data was organized into a relational database
consisting of 23 tables containing various data, metadata, and outputs of various codes required
to compute desired quantities (e.g., intensity measures, distances, etc.). A schema was developed
to relate fields in tables to each other through a series of primary and foreign keys. As with prior
NGA projects, model developers and others largely interact with the data through flatfiles
specific to certain types of intensity measures (e.g., pseudo-spectral accelerations at a certain
oscillator damping level); such flatfiles are a time-stamped output of the database.
The NGA-Sub database contains 70,107 three-component records from 1880 earthquakes
from seven global subduction zone regions: Alaska, Central America and Mexico, Cascadia,
Japan, New Zealand, South America, and Taiwan. These data were processed on a componentspecific basis to minimize noise effects in the data and remove baseline drifts. Componentspecific usable period ranges are identified. Various ground-motion intensity measures (IMs)
were computed including peak acceleration, peak velocity, pseudo-spectral accelerations for a
range of oscillator periods and damping ratios, Fourier amplitudes, Arias intensity, significant
durations, and cumulative absolute velocity-parameters.
Source parameters were assigned for earthquakes that produced recordings. Some of the
1880 earthquakes were screened out because of missing magnitudes or hypocenter locations,
which decreased the number of potentially usable earthquakes to 1782. Further screening to
remove events without an assigned event type (e.g., interface, intraslab, etc.) or distances
reduced the number of events to 976. For those 976 events, source parameters of two general
types are assigned: those related to the focus (including moment tensors) and those related to
finite-fault representations of the source. A series of source-to-recording site distances and other
parameters are provided using finite-fault representations of seismic sources. Finite-fault models
of sources were developed from literature where available and from a simulation procedure
otherwise. As part of the NGA-Sub project, the simulation procedure was revised and more fully
documented. In addition, all events are reviewed to assign event types, event classes (mainshock,
aftershock, etc.), and event locations relative to volcanic arcs.
Quality assurance (QA) of ground-motion data and source/path metadata was an
important component of NGA-Sub. For ground motions, QA procedures included visual checks
of records prior to processing, checks of records from each network that recorded each
iii

earthquake to check for systematic outliers (perhaps indicative of gain problems), and checks of
limiting distances beyond which data sampling for a given event is likely to be biased by data
approaching noise thresholds. Source/path QA procedures largely involved checking that
information in database fields accurately reflects source documents.
Site metadata was compiled into a site table containing time-averaged shear-wave
velocities in the upper 30 m of sites (VS30), basin depths, and related uncertainties. Major efforts
were undertaken during the project to develop shear-wave velocity profile databases and to use
those data to develop regional predictive models for site parameters when site-specific
measurements are unavailable. Many of those predictive relations were published in journal or
conference papers over the course of the NGA-Sub project (i.e., for Alaska, Cascadia, Chile, and
Taiwan); those results are reviewed only briefly. Rather, emphasis in this report has been placed
on procedures used for other regions. In addition to site parameters, all sites are also assigned a
location relative to local volcanic arcs.
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Introduction

Yousef Bozorgnia, Jonathan P. Stewart, Norman A. Abrahamson, Sean K. Ahdi, Timothy D. Ancheta,
Ralph J. Archuleta, Gail M. Atkinson, David M. Boore, Rubén Boroschek, Kenneth W. Campbell, Brian
S.J. Chiou, Victor Contreras, Robert Darragh, Nick Gregor, Zeynep Gulerce, I.M. Idriss, Chen Ji, Ronnie
Kamai, Tadahiro Kishida, Nicolas Kuehn, Dong Youp Kwak, Annie Kwok, Po-Shen Lin, Harold Magistrale,
Silvia Mazzoni, Sifat Muin, Saburoh Midorikawa, Grace A. Parker, Hongjun Si, Walter J. Silva, Melanie
Walling, Katie E. Wooddell, and Robert R. Youngs

1.1

NGA-SUBDUCTION PROJECT OVERVIEW

In 2003, the Pacific Earthquake Engineering Research Center (PEER) initiated a large research
program to develop next generation ground-motion prediction equations (GMPEs)—formerly
referred to as “attenuation relationships”—for shallow crustal earthquakes in active tectonic
regions [Power et al. 2008]. This project, now referred to as NGA-West1, made a strong impact
in the engineering and seismological community in three main respects:
1. It changed the research culture related to the database and GMPE development,
bringing leading experts together to collaborate on database development who
routinely shared thoughts and best practices during model development. This
improved model thoroughness and quality.
2. The GMPEs were of high quality for the time, combining scaling from first principals
(and informed by simulations) with data analyses to provide models that operated
over the ranges required for many practical applications.
3. The database was shared by all GMPE developer teams and then publically
disseminated via a PEER website, which ultimately supported many subsequent
research projects and practical applications related to time-series selection.
The impact of the NGA-West1 project created demand for subsequent projects that were
structured similarly. NGA-West2 [Bozorgnia et al. 2014] also applied to shallow crustal
earthquakes in active tectonic regions and significantly expanded the database and certain GMPE
attributes. NGA-East [Goulet et al. 2018] developed data resources and ground-motion models
(GMMs) for stable continental regions, particularly central and eastern North America. NGAEast made more extensive use of simulations than other regions due to data paucity for the
magnitudes and distances of typical engineering interest. NGA-Subduction applied the NGA
framework to subduction zone regions.
The objectives of the NGA-Subduction project (NGA-Sub) were as follows: (1) develop
a state-of-the-art database; (2) develop a series of GMPEs that operate over the parameter range
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(magnitu
udes, event ty
ypes, distancces, and site conditions)) required for typical hazzard applicattions;
and (3) provide
p
guidaance on appllication of th
he models, inncluding epiistemic unceertainties.
Regionalizati
R
ion of certain
n ground-mo
otion attribuutes is an im
mportant featuure of NGA-Sub.
The last set of truly global GM
MPEs is th
hat from NG
GA-West1. Regionalizaation in aneelastic
on and site effects
e
was introduced
i
in
n NGA-Wesst2 and was iintegral to N
NGA-East ass well
attenuatio
(mostly in
i relation to
o path effectts). Figure 1.1 shows thee major regioons considerred in NGA-Sub:
Alaska (ALK),
(
Cen
ntral Americca and Mex
xico (CAM)), Cascadia (CAS), Jappan (JPN), New
Zealand (NZL), Sou
uth Americaa (SAM), and
a
Taiwan (TWN). Soome NGA-S
Sub GMPEs are
region-sp
pecific (e.g., Si et al. [20
020] and You
ungs et al. [22020] for Jappan), while tthe remaindeer are
global bu
ut include reg
gional adjustments for various
v
sourcce, path, andd site effects..
Many
M
other regions,
r
know
wn to have subduction zone earthquuakes, are nnot representted in
this datab
base (e.g., In
ndonesia, Greece,
G
and Calabria/Italy
C
y). These om
missions weere not acciddental
as the sig
gnificance of subduction
n earthquakee hazards in those regions is well knnown. Data from
these add
ditional regions were no
ot incorporatted into the database beecause: (1) it was anticippated
that the project
p
team
m would not have
h
ready access
a
to suffficient dataa to benefit tthe project; oor (2)
the project team anticcipated that the necessarry data did nnot exist or w
was inaccessiible.
As
A in other NGA
N
projects, quality assurance (QA
A) of the dattabase was a long-term eeffort
that invo
olved many people (esssentially, all the authorrs of the chhapters in thhis report). Two
particularrly notable aspects off our QA procedures
p
rrelate to grround-motion data checcking
(describeed in Section
n 3.4) and an
a iterative data-checkinng process related to thhe assignmeent of
source an
nd path metaadata (descriibed in Section 4.6).

Figure 1.1

Locations of strong-motio
s
on recording
g stations witth recordings in the
NGA-Sub
N
data
abase.
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Participants in NGA-Sub project fall into three main domains. Yousef Bozorgnia was the
Principal Investigator, providing leadership pertaining to project funding and coordination. Four
ground-motion modeling teams were active in the project, sharing experiences in applying the
data that benefitted the database checking and development. Finally, the database development
involved the full NGA-Sub team but certain individuals took lead roles in the ground motion,
source/path, and site components of the database. Those individuals are recognized by leading
positions in chapter authorship (Chapters 3–5). Finally, Silvia Mazzoni and several collaborators
took a lead role in developing the database as a formal relational database as described in
Chapter 2.
1.2

PRIOR SUBDUCTION DATABASES

The subduction ground-motion database presented in this report is the most comprehensive
database developed for subjection zones worldwide. It is not the first. The project team wishes to
acknowledge the data development efforts that preceded NGA-Sub.
Table 1.1 summarizes some key attributes of prior subduction databases. Most of the data
in the Crouse et al. [1988] and Youngs et al. [1997] databases are from sparsely recorded events
(often one recording). This gradually improved over time, with the Atkinson and Boore [2003]
and Abrahamson et al. [2016] models having substantially more data, with some events being
well recorded. Additional regional datasets have been prepared that are not shown in Table 1.1,
e.g., Lin and Lee [2008] for Taiwan; Zhao et al. [2006] for Japan.
None of the prior global subduction databases listed in Table 1.1 includes the largemagnitude events from Tohoku Japan (2011) and Maule Chile (2010). These and many other
events have dramatically expanded database size; see Chapters 3 and 4. Moreover, comparisons
of large earthquakes to available models have not shown favorable results (e.g., Boroschek et al.
[2012] and Stewart et al. [2013]). These issues illustrate the needs that the NGA-Sub project was
formed to address.
Table 1.1

Summary of pre-NGA-Sub global subduction databases.
M
range

Rrup or Rhyp
range (km)

# events

# recs

Event types distinguished?

Crouse et al. [1988]1

5.1-8.2

28–470

84

129

No

Youngs et al. [1997]

5.0-8.2

8.5–550

160

474

Yes: interface, intraslab

Atkinson and Boore
[2003]

5.5-8.3

10–400

77

1148

Yes: interface, intraslab

Abrahamson et al.
[2016]

5.0-8.4

13–300

292

9946

Yes: interface, intraslab

Reference

1

The database from Crouse et al. [1988] was subsequently updated for the development of a GMPE by Crouse [1991]; however,
event details for the latter were not presented and hence are not shown in Table 1.1. The expanded Crouse [1991] database was
used subsequently by Youngs et al. [1997].
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1.3

ORGANIZATION OF THIS REPORT

Chapter 2 of this report describes the relational database whereby data are entered into organized
tables and related to each other through a series of primary and foreign keys. The use of a formal
relational database during model development is new to NGA-Sub.
Chapter 3 describes the processes used to identify, obtain, and process ground motions, as
well as intensity measure (IM) computations. Procedures used for checking data for sampling
bias at long distance are also explained.
Chapter 4 describes procedures used to assign source and path parameters. Source
parameters are of two general types: those related to the focus (including moment tensors) and
those related to finite-fault representations of the source (from literature or simulations).
Procedures used for distance calculations are also provided, which are non-trivial in the case of
simulated finite faults. Other issues addressed in this chapter are QA procedures, assignment of
event types (interface, intraslab, etc.), assignment of event classes (mainshock, aftershocks, etc.),
and assignment of event locations flags relative to volcanic arcs.
Chapter 5 describes the site tables used to assign time-averaged shear-wave velocity and
basin depths to ground-motion recording sites. Major efforts were undertaken during the project
to develop regional shear-wave velocity profile databases and to use those data to develop
predictive models of site parameters when site-specific measurements are unavailable. The work
described in the chapter produces mean estimates of site parameters and epistemic uncertainties.
Suggested Citation:
Bozorgnia Y., Stewart J.P., Abrahamson N.A., Ahdi S.K., Ancheta T.D., Archuleta R.J., Atkinson G.M.,
Boore D.M., Boroschek R, Campbell K.W., Chiou B.S.-J., Contreras V., Darragh R.B., Gregor N., Gulerce
Z., Idriss I.M., Ji C., Kamai R., Kishida T., Kuehn N., Kwak D.Y., Kwok A.O., Lin P.S., Magistrale H.,
Mazzoni S., Muin S., Midorikawa S., Parker G.A., Si H., Silva W.J., Walling M., Wooddell K.E., Youngs
R.R. (2020). Chapter 1: Introduction, in Data Resources for NGA-Subduction Project, PEER Report No.
2020/02, J.P. Stewart (editor), Pacific Earthquake Engineering Research Center, University of California,
Berkeley, California (headquarters).
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2

Relational Database

Silvia Mazzoni, Tadahiro Kishida, Sean K. Ahdi, Víctor Contreras, Robert B. Darragh, Brian S.-J. Chiou,
Nico Kuehn, Yousef Bozorgnia, and Jonathan P. Stewart

2.1

INTRODUCTION

The database developed for the NGA-Subduction (NGA-Sub) project is a relational database,
meaning that it has a well-defined data structure and can be queried using structured query
language (SQL). Previous NGA projects have applied the term “database” to collections of
spreadsheet files that were linked in an ad hoc manner using Excel macros [Chiou et al. 2008;
Ancheta et al. 2014]. In contrast, a relational database is organized into a schema that describes
the tables, fields, and relationships among tables. Tables are collections of information organized
into fields (or columns). The contents of tables (i.e., each row) are identified using keys. Every
entry in the database (i.e., a given row within a field) is assigned a primary key that uniquely
identifies it. In some cases, a field from one table might appear in another table to relate the two
tables. In such cases, the primary key from the host table appears as a foreign key in the other
table to map the relationship. In other cases, the same primary key is used in multiple tables. This
is applied for situations in which a series of tables could have been organized into a single table,
but doing so would have made the table size inconveniently large and somewhat inefficient with
respect to the information sources used to populate the table. For the present application, it was
decided to use multiple tables that share primary keys in some cases.
We developed the NGA-Sub database schema as a working group, and benefitted from
regular communication and feedback from the broader NGA-Sub project participants through
regular in-person and web meetings. Databases are living products, and the version described
here was “locked-in” April 22 2019 (in technical content) so that ground-motion model (GMM)
development could proceed with a fixed dataset; however, population of the database is likely to
continue into the future, including the incorporation of recent events from Alaska and Mexico;
see Chapter 4. Additional ground-motion parameters and source, path, or site metadata may also
be added in the future.
Outside of the relational database working group (the authors of this chapter), most
NGA-Sub project participants interact with the data using a flatfile, which is a single file
extracted from the database containing all fields of interest. The flatfile can be readily generated
from the relational database using an SQL command; MS Access was used in this project, using
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Visual Basic to writee SQL comm
mands. The April
A
22 20119 flatfile iss included inn this report as an
electronic supplemen
nt.
The
T fields within
w
the NGA-Sub
N
database
d
aree composed of three tyypes: instruument
recording
gs, various metadata,
m
and computed data. Digiti zed and processed instruument recordings
are stored
d in individu
ual ASCII files of acceleeration, velocity, and dissplacement hhistories; thee files
have heaaders structu
ured to conveey informatiion on the causative eveent, the statiion that prodduced
the recorrding, and the time step. Record proccessing is deescribed in C
Chapter 3.
Metadata
M
deffines the attrributes of a record, suchh as earthquuake locationn and magniitude,
location and site con
nditions at th
he recording site, charactteristics of tthe recordingg instrumentt, and
attributess of the path
h between the earthquaake source aand the recording stationn. There aree two
types of metadata: (1) independent metadataa, which aree either meaasured or takken directly from
literaturee or catalogss, and (2) dependent
d
metadata,
m
whiich are com
mputed from
m the indepenndent
metadataa fields. Sou
urce-to-site distance
d
mettrics and fauult geometryy are exampples of depenndent
metadataa.
Damped
D
elasttic response spectra, Fourier amplittude spectra (FAS), and duration metrics
are exam
mples of the third
t
type off data within
n the NGA-S
Sub databasee (i.e., compputed data) w
which
are often
n referred to as Intensity
y Measures (IMs).
(
Thes e IMs are ccomputed froom the processed
instrumen
nt recording
gs and are sto
ored in indiv
vidual tables within the ddatabase.
As
A shown in Figure 2.1, the NGA-Su
ub database broadly conntains inform
mation on soource,
site, path
h, ground motions
m
(wh
hich contain
n instrumennt/time-seriess metadata), and IMs. This
informatiion is contaained in 23 tables. The contents off fields in tthese tables are mapped via
database keys. There are three main keys in the databbase: (1) thee Record Seequence Nuumber
(NGAsub
bRSN) applies to a giveen ground motion;
m
(2) N
NGAsubEQ
QID applies to an earthqquake
event; an
nd (3) NGAssubSSN appllies to a reco
ording site.
Ground-motio
G
on time seriies are contaained in filees used in daatabase development buut are
not part of
o the databaase tables; th
he file path as
a well as addditional chaaracteristics of these filees are
stored in
n the databaase. Followin
ng a discusssion of the origins of the databasse, the remaaining
sections of this chap
pter describe the tables and
a keys em
mployed for eeach of thesse groups. W
We do
not descrribe all fieldss; instead wee emphasize fields that ccarry unique informationn that was ussed in
model deevelopment.

Fig
gure 2.1

Componentts of NGA-Su
ub relationall database.
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2.2

DATABASE ORIGINS

The NGA-Sub database was not originally assembled as a relational database. Early stages of the
project gathered data for various regions, which was organized into regional flatfiles. The
regional flatfiles contained source, site, and ground-motion IMs for each of the following
regions: Alaska (ALK), Cascadia (CAS), Central America and Mexico (CAM), Japan (JPN),
New Zealand (NZL), South America (SAM), and Taiwan (TWN). The main emphasis of the
work at that time was data collection from diverse sources, and relatively little effort was put
forward to organizing the data in an optimal or consistent manner.
Once the decision was made to create a relational database, information from the regional
flatfiles was transferred to database tables (Tables 2.1–2.6). In some cases, information in these
tables was supplemented or modified to response to QA procedures; see Sections 3.4 and 4.6.
Moreover, new data since about 2017 was added in the relational database tables.
2.3

KEY METADATA

The Key Metadata consists of a single table (RecordMap table) that contains primary and foreign
keys of the NGA-Sub database as well as unique identifiers collected from the original regional
flatfiles. The primary purpose of this table is to map the source (NGAsubEQID) and site
(NGAsubSSN) keys to the primary record key (NGAsubRSN). Additional data in this table
provides a map to the original region-specific flatfiles. This map is made through the
DatabaseRegion
and
OriginalFlatfile_RSN.
The
OriginalFlatfile_Station_Sequence_Number_SSNs are also stored in this table. These identifiers
were included with rows for records in regional flatfiles, but in some cases are not unique (e.g.,
the same site may have multiple OriginalFlatfile_Station_Sequence_Number_SSNs in different
regional flatfiles). Such non-unique flag assignments were corrected in the assignment of the
final earthquake and site identification numbers.
2.4

SOURCE METADATA

The seismic source primary key is the Earthquake Identification Number (NGAsubEQID), a
unique value assigned to each event. The assignment of NGAsubEQIDs is organized by region;
see Table 2.1. Unique numbers were assigned as sequential integers of the pattern N×106 within
each region, where N is an integer from one to seven accounting for each of the seven subduction
zone regions; see Figure 1.1. Following the region identifier, additional digits were assigned
sequentially. For example, NGAsubEQID=3000197 corresponds to an event in Central America
& Mexico. NGAsubEQID is the primary key in the EventHypo table, with each of the other
event-related tables listed in Table 2.2 representing different physical quantities. As described in
Section 2.1, while the source data could have been stored in a single table, because different
quantities are obtained from different sources, they are stored in different tables.
Table 2.2 lists relational database tables related to source parameters. The table name is
provided along with an indication of whether the information contained in the tables consists of
dependent or independent metadata. Because source attributes are contained in a series of tables
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that interact according to a schema, in effect this collection of information comprises a source
relational database.
The contents of the EventHypo and EventType table are largely drawn from global and
local earthquake catalogs. As described in Section 4.2, critical issues in assembling these tables
were selecting the preferred catalog when more than one is available, procedures for selecting a
preferred rupture plane, and procedures for selecting event type (i.e., interface, intraslab, shallow
crustal, outer rise, etc.) based on source location and focal mechanism.
Table 2.1

Region identifier numbers used in assignment of earthquake and site keys.

Table 2.2

Region

Region Identifier

Alaska

1

Cascadia

2

Central America & Mexico

3

Japan

4

New Zealand

5

South America

6

Taiwan

7

Tables presenting source metadata in NGA-Sub relational database.

Table Name

Contents

Information types

EventHypo

NGAsubEQID*, region, geodetic coordinates (latitude, longitude),
hypocentral depth, date, time, seismic moment (M0), moment
magnitude (mag), alternate magnitude scales (mb, ML, MS), preferred
moment tensor parameters (rake – prefrake, strike – prefstrike, dip –
prefdip), nodal plane angles (strike – np1-s, np2-s; dip – np1-d, np2-d;
rake – np1rake, np2rake), focal mechanism (focalmech)

Mostly independent
Dependent = mag,
focalmech

EventType

NGAsubEQID*, flag (Table 4.5)

Dependent

FFmodel

NGAsubEQID*, # rectangles (Norect), coordinates of upper left corner
of fault as viewed from hanging wall, along-strike length (L), down-dip
width (W), strike, dip, rake

Independent

FFmodelmultiseg

Applies for Norect > 1 only. NGAsubEQID*, for 𝑖=1:Norect, each of
the parameters listed in FFmodel

Independent

FFsim

NGAsubEQID*, coordinates of upper left corner of fault as viewed
from hanging wall, along-strike length (L), down-dip width (W), strike,
dip

Dependent

Magbrk

NGAsubEQID*, break magnitude

Independent

EventClass

NGAsubEQID*, event class indicator (CL1 or CL2)

Dependent

EventVolArc

NGAsubEQID*, flag (Table 4.11)

Dependent

* Assigned as primary key
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The contents of the FFmodel and FFmodelmultiseg tables are drawn from published
studies presenting finite-fault models inverted from various ground-motion and geodetic data. As
described in Section 4.3, critical issues in assembling those tables included selecting a preferred
model when more than one is available and trimming published models to identify portions of
the fault that are mostly likely to produce strong ground motion. The parameters recorded in the
tables are needed to establish the positions of the rectangles for distance calculations.
The contents of the FFsim table mirror those in FFmodel, except that the parameters in
the FFsim table are the result of a simulation procedure (hence, they are dependent metadata). As
described in Section 4.4, critical aspects of this process are statistical relations for fault
dimensions given magnitude and event type, relations for hypocenter location on a rectangular
fault, and details of the simulation procedure.
The contents of the Magbrk, EventClass, and EventVolArc tables provide region-specific
information on magnitudes where breaks in ground-motion scaling slopes might be expected,
assignment of events as mainshocks/foreshocks or aftershocks, and assignment of event positions
relative to volcanic arcs, respectively. EventClass and EventVolArc contain fields with event
attributes inferred from spatial analyses; see Sections 4.7–4.8. Magbrk fields are drawn from
literature and are region specific; details can be found in Campbell [2020] for interface events
and Ji and Archuleta [2018] for intraslab events.
2.5

SITE AND STATION METADATA

The site and station primary key is the Station Sequence Number (NGAsubSSN), a unique value
of which is assigned to each site and each instrument at a given site that has produced a
recording. The NGAsubSSN values were assigned in a manner similar to the NGAsubEQID,
where the first digit represents the geographic region of the location of the station (Table 2.1),
and the remainder of the number was assigned sequentially and randomly. NGAsubSSN is the
primary key in the Site table and other tables defining site-related parameters and is a foreign key
elsewhere.
Separate NGAsubSSNs were assigned for cases when the station network changed but
the instrument ostensibly remained the same, or the instrument itself was changed at the same
location. In the case of vertical arrays, with multiple sensors at the same latitude and longitude
but different depths, multiple “sites” (with distinct NGAsubSSNs) are provided in the Site table,
each having a different sensor depth. This is why the instrument depth is included in the Site
Database instead of the record database.
Table 2.3 lists relational database tables related to site parameters. Most of the
information is contained in the Site table. Additional information related to site position relative
to volcanic arcs is contained in the SiteVolArc table. Additional information on instrument type
is contained in the Station table. In Table 2.3, the table name is provided along with an indication
of whether the information contained in the tables consists of dependent or independent
metadata.
The contents of the Site table are drawn from diverse information sources including
region-specific instrument catalogs, VS-profile databases (many assembled as part of the NGASub project), global digital elevation models, local or regional geologic maps, and models for the
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structure of sedimentary basins. The fields in the Site table contain both independent variables
taken directly from source materials and derived quantities. Chapter 5 describes procedures used
during data collection and interpretation.
Table 2.3

Tables presenting site and station metadata in NGA-Sub relational database.

Table Name

Contents

Site



NGAsubSSN*



Site name and station ID (from data-providing networks)



Station location, including geodetic coordinates, elevation,
depth, housing



Recommended VS30 in m/sec. Codes indicating how VS30 was
assigned, associated NEHRP site category



Information on VS profiles, as available, including profile
depth (zp) and time-average VS to depth zp (VSZ)



Proxies used for VS30 prediction, as available, including
surface geology, ground slope, geomorphic terrain class



Basin depth information, including depth to a particular VS
horizon (i.e., zx = the depth to the x km/sec iso-surface;
values of x=1.0 and 2.5 km/sec are used), source of depth
information, basin name

Information types
Mostly independent
Dependent = VSZ, VS30
(from profiles), VS30
(from proxy-based
models), zx,

SiteVolArc

NGAsubSSN*, region, flag

Dependent

Station

NGAsubSSN*, instrument

Independent

* Assigned as primary key

2.6

PATH METADATA

A particular source-to-site path is associated with a unique record. The primary key for
recordings (termed Record Sequence Numbers, NGAsubRSNs) are assigned in the relational
database tables related to path and also in tables related to ground motions and IMs.
NGAsubRSNs are not used as foreign keys. To minimize possible errors when using this table,
the NGAsubEQID and NGAsubSSN are contained in this table as foreign keys even though they
have been defined in the Keys table.
Table 2.4 lists the relational database tables related to path parameters. The Path table
contains distance parameters and other fields derived from source, site, and ground-motion data
(i.e., dependent metadata). The PathVolArc table contains dependent variables on relative
percentages of path length in four zones on different sides of volcanic arcs (e.g., the forearc and
backarc).
As described in Section 4.5.1, distance parameters were computed using a code (P4CF)
that takes as input the finite geometry of the source (the position of one or more rectangles) and
site locations. The code returns distance and directivity parameters. As described in Section
4.5.2, parameter Rmax represents the distance beyond which data from a given event and recorded
by a particular network may exhibit bias due to either lack of instrument triggering or motions
near instrument noise levels (for weaker-than-average motions).
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Table 2.4

Tables presenting path metadata in NGA-Sub relational database.

Table name

Contents

Information types
Dependent

NGAsubRSN*, various distance parameters (Rrup, RJB, Rx, Ry, Ry0,
Path

Repi, Rhyp, Rrms), location on fault surface from which the closest
distance is measured (geodetic coordinates and depth), directivity
parameters, maximum recommended distance Rmax

PathVolArc

NGAsubRSN*, Zone0%Dist, Zone1%Dist, Zone2%Dist, Zone3%Dist

Dependent

* Assigned as primary key

2.7

GROUND-MOTION TIME SERIES AND INTENSITY MEASURES

The primary key for a given ground-motion recording is the Record Sequence Number
(NGAsubRSN), which is assigned in both the Path table (Table 2.4) and in the RecordMeta table
and other tables containing ground-motion information.
The NGAsubRSN is connected to path parameters (Section 2.6) and various dependent
fields derived from time series. Time series gathered and processed as part of the NGA-Sub
project are described in Sections 3.1 and 3.2. Due to the large cumulative size of the groundmotion files, they are not incorporated into the NGA-Sub database, but they are called by codes
that operate with the database.
Table 2.5 lists relational database tables related to ground-motion time series files and
how the database interacts with them. Table 2.6 lists relational database tables related to IMs.
Table names are provided along with an indication of whether the information contained in the
tables consists of dependent or independent metadata.
Table 2.5

Tables related to ground-motion time series files in the NGA-Sub
relational database.

Table name

Contents

Information types

RecordMeta

NGAsubRSN*, as-recorded horizontal azimuths, processing details
(low-cut and high-cut corner frequencies)

Independent

RecordtoAT2

NGAsubRSN*, computer path to access time series data (.AT2 files)

Independent

HeaderData

NGAsubRSN*, time step, other information given in headers of .AT2
files (station name, event name, and date/time)

Independent

*Assigned as primary key
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Table 2.6

Tables presenting ground-motion intensity measures and related metadata.

Table name

Contents

Information types

OscPeriods

List of oscillator periods for pseudo-spectral acceleration calculations
(common to all motions, hence no NGAsubRSN)

Independent

List of oscillator damping values for pseudo-spectral acceleration
calculations (common to all motions, hence no NGAsubRSN)

Independent

OscDamp

NGAsubRSN*, period (one field per period), pseudo-spectral
acceleration (provided in rows for each period)
PSA_𝑖𝑗

𝑖 = component (H1, H2, V, RotD0, RotD50, RotD100)
𝑗

Dependent

damping ratio (decimal)

A single file provides information for all records.
NGAsubRSN*, Arias Intensity for components 𝑖=H1, H2, and V;
times for 𝑖=H1, H2, and V (percentiles of Arias Intensity = 0.05 to
0.95, step of 0.05)

Dependent

FAS_𝑖

NGAsubRSN*, frequencies (one field per frequency), Fourier
amplitudes for components 𝑖=H1, H2, and smoothed EAS (provided
in rows for each frequency)

Dependent

CAV_𝑖

NGAsubRSN*, CAV for components 𝑖=H1, H2, and V, CAV5 for
components 𝑖=H1, H2, and V

Dependent

NGAsubRSN*, data quality assurance flag (Table 3.5)

Dependent

DurationMetrics_𝑖

RecordFlag

The RecordMeta and HeaderData tables contain independent metadata that are
descriptive of individual ground-motion components. The information is from ground-motion
catalogs and header files. As noted previously, ground-motion time series (.AT2 files) are not
part of the database, but the database needs to interact with these files that are stored on a server.
The RecordMeta table contains information obtained from regional flatfiles derived during
record processing (e.g., unfiltered PGA, corner frequencies etc.) that connect with a particular
version of the ground-motion file; in some cases, records were later re-processed, and the
contents of this table may be out of date. The RecordtoAt2 table provides links that allows
individual ground-motion components to be found on the server and opened to compute groundmotion parameters.
The contents of the OscPeriods and OscDamp tables provide oscillator properties
(periods and damping ratios) for which pseudo-spectral accelerations are computed. The results
of the calculations appear in PSA_𝑖𝑗 tables, with separate tables provided for each ground-motion
component and damping ratio; see Table 2.5. Procedures used to calculate these parameters are
given in Section 3.3.1.
Additional ground-motion parameters are provided in DurationMetrics_ 𝑖, FAS_ 𝑖, and
CAV_ 𝑖 tables. Separate tables are provided for different components of 𝑖. Procedures used to
calculate these parameters are given in Section 3.3.2.
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The RecordFlag table assigns flags to individual records based on their being improbable
for the event. Details on the flag assignments are given in Section 3.4, with the flags defined in
Table 3.5.
Suggested Citation:
Mazzoni S., Kishida T., Ahdi S.K., Contreras V., Darragh R.B., Chiou B.S.-J., Kuehn N., Bozorgnia Y.,
Stewart J.P. (2020). Chapter 2: Relational Database, in Data Resources for NGA-Subduction Project,
PEER Report No. 2020/02, J.P. Stewart (editor), Pacific Earthquake Engineering Research Center,
University of California, Berkeley, California (headquarters).
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3

Ground Motions and Intensity Measures

Tadahiro Kishida, Robert B. Darragh, Brian S.J. Chiou, Yousef Bozorgnia, Silvia Mazzoni, Víctor
Contreras, Rubén Boroschek, Fabián Rojas, and Jonathan P. Stewart

3.1

DATA SOURCES

An extensive effort was undertaken to coordinate the NGA-Subduction Project (NGA-Sub) with
local agencies in areas affected by subduction earthquakes, with an emphasis on Alaska,
Cascadia, Central America and Mexico, Japan, New Zealand, South America, and Taiwan. This
included communications to identify relevant sources of ground-motion data and either (i)
identifying public repositories of data that could be accessed by the project; or (ii) forming
collaborative agreements to enable data sharing between the NGA-Sub project and individual
network operators. We obtained digital but unprocessed versions of records from either
accelerometers (accelerograms) or seismometers (velocity time series). This chapter describes
the data processing and computation of the IMs.
Table 3.1 shows the agencies from each of the above regions from which we obtained
uncorrected records. The Chilean Seismic Network (CSN) is operated by the Seismology
Department at the University of Chile. As a result of the recent rapid growth of the Chilean
seismic networks, uncorrected strong-motion recordings are distributed for earthquakes with
magnitudes ≥ 4.0 for individual networks known as the C, CX, C1, and RNA networks. Both
CSN and the individual networks will be referred to in various parts of this report.
In total, 70,107 recordings were obtained and processed for NGA-Sub from all sources.
Section 3.2 describes steps in the data processing. Section 3.3 describes the computation of
ground-motion parameters and the ground motion intensity measure (IM) tables incorporated
into the relational database.
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Table 3.1

Ground-motion catalogs contributing data to NGA-Sub database.

Region

Catalog

Number of
processed motions

Alaska

CESMD
IRIS
GSC

36
2,812
178

Cascadia

CESMD
COSMOS
IRIS
NSMP
NCEDC
GSC

29
100
1,432
112
219
217

Central America
and Mexico

NORSAR
COSMOS
NOAA
IRIS
MARN
Universidad de Costa Rica (Networks LIS,
XY, OV)

Japan

NIED, K-NET
NIED, KIK-NET
JMA
PARI
NOAA
HI-NET
Electricity Companies (TEPCO, EPCO)

20,869
18,836
444
303
44
72
149

South America

CESMD
NOAA
IRIS
GFZ
RENADIC (U Chile, CEE Dept)
CSN (U Chile, seismology), including C, CX,
C1 and RNA networks
CISMID
RNAC (Columbia)
RENAC (Ecuador)

213
40
1,689
1,193
1,274
1,076

CWB, TW
IES
K-NET
JMA

11,176
1,196
62
69

Taiwan

18

292
349
727
908
227
145

213
409
89

3.2

DATA
D
PROC
CESSING

Data processing startts with a dig
gital time seeries (acceleerograms or seismogram
ms) with a saample
rate (i.e.,, time step). Modern dig
gital instrum
ments producce a signal w
with a time stamp (a knnown
referencee time at the start of the record). Thee major stepps in data proocessing are: (1) screeniing of
time seriies to selectt the ground
d motions to
o process; (22) applicatioon of windoow functionss that
reduce th
he signal to zero outsidee of a time interval; (3) computationn of FAS; (44) filtering oof the
record to
o remove no
oise-dominatted features over selecteed frequency intervals; and (5) basseline
correction. The proccedures appllied here are similar too those usedd in previouus NGA proj
ojects,
including
g NGA-Wesst1 [Chiou et
e al. 2008], NGA-Westt2 [Ancheta et al. 2013]], and NGA
A-East
[Goulet et
e al. 2014]. Corrected time
t
series are
a saved as .AT2 files ffor use in thhe computation of
ground-m
motion param
meters.
This
T
procedu
ure is applicable to acceelerograms oonly. For seeismograms, before Stepp (2),
instrumen
nt correction
ns are applieed to the tim
me series andd the signalss are time-diifferentiated once
to acceleeration. Thee differentiatted time series are theen processedd in an idenntical mannner to
accelerog
grams.
3.2.1 Screening
S
of
o Time Se
eries
To screen
n ground-mo
otion data, we
w plot time series as-is (without filtters or otherr modificatioon) to
visually evaluate reccord quality. Figure 3.1 shows an eexample of a recording tthat was rejected
during th
his process. This
T signal is
i close to th
he resolutionn of the recoording system
m, which ressulted
in the no
oisy recordin
ngs. Data pro
ocessing is difficult
d
for rrecordings oof this type, and it is posssible
to identiffy a signal fo
or only a lim
mited frequen
ncy band.

Figure 3.1

An exa
ample of a rejjected time s
series.
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3.2.2 Time Windows for Data Processing
Using a process introduced with the NGA-East project [Goulet et al. 2014], six time windows
were selected for each time series; see Figure 3.2. The first time window includes the entire
record (blue box in the figure). This window includes the pre-event noise (recorded before the Pwave onset), P-waves, S-waves, and coda waves. The second to fifth windows contain only the
pre-event noise (magenta box), P-waves (yellow box), S-waves (green box), and coda waves
(gray box), respectively. The sixth window contains both P- and S-waves. All time windows are
selected during data processing in order to calculate the FAS from the different waves in these
windows. Details on window selection are described by Ancheta et al. [2013], Goulet et al.
[2014], and Ktenidou et al. [2014], and are briefly outlined below.
The start time of the P-wave window (tp), which is also the end of the noise window, was
first selected visually by inspecting the three components for the first, generally impulsive, largeamplitude wave arrival. Then, the end time of the P-wave window, which is the start time of Swave window (ts), was selected visually considering amplitude and frequency content of the
three-component acceleration, velocity, and displacement time series. As a selection guide, the
theoretical S arrival time (t′s) is plotted with the time histories, based on the selected P arrival
time and the hypocentral distance as follows:

t s  t p  t s  p  t p  Rh 8

(3.1)

where Rh is the hypocentral distance, and P- and S-wave velocities are assumed to be 6.0 and 3.5
km/sec for the crust, respectively.
The end time of the S-wave window was automatically selected using a computed S-wave
duration, which is a function of magnitude and hypocentral distance and is expressed as follows:

DS  Td  rup  Td  prop

(3.2)

where Td-rup is a base duration, which is related to, but generally larger than, the rupture (source)
duration, and Td-prop is the additional duration introduced along the source-to-site path, including
scattering effects. Table 3.2 shows the Td-rup used in the data processing, where fc in the table is
calculated by the following formula [Aki 1967; Brune 1970; and Boore 1983]:
1

   3
f c  4.9 106  

 M0 

(3.3)

where M0 is the seismic moment, given as Hanks and Kanamori [1979]
M 0  101.5 M +16.05

(3.4)

 is the shear-wave velocity at the source (assumed as 3.2 km/sec);  is the stress drop
(assumed as 6 MPa, an average value for large earthquakes in California [Atkinson and Silva
1997]; and M is the moment magnitude.
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Fig
gure 3.2

Schematic drawing of d
different time
e windows.

Table 3.2

Base duration
d
use
ed in the ana
alysis.

M)
Moment magnitude (M

Bas e duration (s
sec)

M<
M 4.5

10

4.5 ≤ M < 6.9

15

6.9 ≤ M < 7.6

1.4/fc

7.6 ≤ M < 9.1

34

The
T hypocen
ntral distancce effect on
n the S-wavve duration is approxim
mated for aactive
tectonic regions
r
as:
Td  prop  0 .1  R h

(3.5)

The facto
or of 0.10 in this expresssion is consisstent with thhe study by K
Kempton andd Stewart [22006],
in which the distancee effects on significant durations
d
off Da5-75 (5 too 75% duratiion) and Da55-95 (5
to 95% duration)
d
werre representeed by similarrly-defined ffactors of 0.007 and 0.15,, respectivelyy.
After
A
computting S-wavee duration Ds with Equuation (3.2),, the start tiime of the noise
window (tn) was obtained as folllows, so thaat the noise dduration equuals the S wiindow duratiion if
possible:
t n  max 0, t p  D s 

(3.6)

The
T start tim
me of the cod
da window (tc) was sellected by foollowing the theoretical coda
definition
n [Aki 1969
9; Philips and
d Aki 1986; and Kato eet al. 1995], which givess the onset oof the
coda at a time equal to twice the S-wave trav
vel time afterr the S-wavee onset. How
wever, to estiimate
this wind
dow for as many
m
recordin
ngs as possib
ble, we definned the end oof coda winddow, tcf as:
t cf  min t end , t s  3  D S 

The start time of the coda window
w was then obtained
o
by subtracting the S-windoow duration:
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(3.7)

t c  t cf  D S

(3.8)

Finally, the entire time window was selected from tn to tcf .
3.2.3 Fourier Spectra
(a) Mean removal and taper

Mean removal and tapers are applied to each windowed time series before calculating the Fourier
spectra. Mean removal (also sometimes referred to as DC-removal) is defined by:

a  a  a

(3.9)

where a denotes the acceleration time series after mean removal, and a and a denote the
windowed acceleration time series and the mean offset, respectively. After mean removal, cosine
tapers are applied at the start and end of each window as (e.g., Kanasewich [1981]):
Window start: wi 

 nb  i  1 
1
 , i = 1, .., nb
1  cos 
2
nb 


(3.10)

 i  1 
1
 , i = 1, …, ne
1  cos 
2
 ne 

(3.11)

Window end: wi 

where nb is the number of points within the beginning taper, and ne is similarly defined for the
end taper. For example, when the beginning taper is applied with a taper length of 0.5 sec to time
series with dt = 0.005 sec, nb is 0.5/0.005 = 100. These functions produce a weight of zero at the
first and last points in the time series, and gradually increase to 1.0 at the opposite ends of the
tapers. Table 3.3 lists the durations of cosine tapers applied to the time series.
Table 3.3

Cosine taper length applied to windowed accelerations.
Cosine taper length

Windowed time histories
Start time

End time

Entire

1% of total length

1% of total length

Pre-Event Noise

0.5 sec

0.5 sec

P-Wave

0.5 sec

0.5 sec

SLg-Waves

0.5 sec

0.5 sec

Coda

0.5 sec

0.5 sec

(b) Computation of Fourier spectra

Fourier spectra are calculated from the windowed time series after mean removal and tapering.
Fourier amplitude spectra (FAS) and Fourier phase spectra (FPS) are saved as output files.
Before calculating Fourier spectra, a series of zeroes are added at the end of recordings to
increase the number of data points to a power of 2. The signal durations increase to
approximately 40–50 minutes for signals to be used with acausal filters, depending on the
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sampling frequency, as shown in Table 3.4. This window length was selected based on the
longest-duration recording in the NGA-East dataset so that all the recordings become at least
twice as long as the recorded duration, which avoids wrap-around effects in the time domain
after applying acausal filters. The lengths of pre-event noise, P-wave, S-wave, and coda wave
windows are all increased to 50 minutes with zeroes. This process provides a consistent
frequency step (df) among the different windows and recordings; hence, these FAS are wellformatted for subsequent application without the need to perform frequency domain
interpolation.
Consider an acceleration time series a(t ) , which is sampled at N discrete points in time
separated by step dt. Complex-valued Fourier coefficients are computed at 2N+1 frequencies at
step df:

Ck 

1
N

N

 a  j 

(3.12)

 N  e  2  i  N

(3.13)

j 1

j 1 k 1
N

where k is a frequency index, Ck is a Fourier coefficient, and i  1 . The Fourier amplitude
A   is computed as:

A  dt  N C

(3.14)

Equations (3.12) and (3.14) show that Ck decreases, but Fourier amplitudes are not changed by
zero padding of the time series. Fourier phase spectra    are calculated from the real and
imaginary values of Fourier coefficients:
  tan 1  Im  C  Re  C  

(3.15)

where the phase ranges from – to  in the output file.
Table 3.4

Minimum frequencies for Fourier spectra calculation.

Sampling
frequency (Hz)

dt (sec)

Duration (sec)

Power of 2

df (Hz)

10

0.1

3276.80

15

0.00030518

20

0.05

3276.80

16

0.00030518

40

0.025

3276.80

17

0.00030518

50

0.02

2621.44

17

0.00038147

100

0.01

2621.44

18

0.00038147

200

0.005

2621.44

19

0.00038147
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Figure 3.3 sh
hows the FA
AS for the UD-compone
U
ent recordingg in Figure 3.2. Blue, ggreen,
nd gray liness show the FAS
F
of the entire time window, S--, noise-, P--, and
magenta,, yellow, an
coda win
ndows, respeectively. Thee Fourier am
mplitudes in Figure 3.3 aare smoothed to facilitatte the
selection
n of the low-p
pass corner frequency. Several
S
smo othing methhods were reviewed, in w
which
smoothin
ng is applied by averag
ging within frequency-ddomain winndows. Windows considdered
include linear-scale rectangularr, linear scale triangullar, log-scalle rectangullar, and KoonnoOhmachii [Konno an
nd Ohmachii, 1998]. Th
he most apppropriate chhoice of sm
moothing winndow
depends on the purp
pose of the smoothing (e.g., see K
Konno and Ohmachi [11998] and B
Boore
[2020]). We selected
d a log-scalee rectangularr window—
—which is computationallly efficient—
—and
provided
d satisfactory
y properties in
i the smootthed spectra. This windoow is expresssed as:

1, 10  d 2  f f o  100 d
W  f , fo   
0, ootherwise


2

((3.16)

where d is the wind
dow width in
n log scale, and f and fo are frequeency and thee window ceentral
frequency
y, respectively. The deefault smoothing window
w size is d = 0.05 in log scale, w
which
smooths within a ran
nge of ±6% around
a
a giv
ven frequenccy. The smoothed Fourieer amplitudees are
calculated at the central frequenccy by giving
g equal weigght to each aamplitude w
within the winndow
as follow
ws:
n

ln
n A0   wi ln Ai

((3.17)

i 1

where A0 is the sm
moothed Fo
ourier ampliitude at the central freqquency, n is the numbber of
frequencies within th
he window, and
a weights wi are:

wi  1 n

((3.18)

Since thee rectangularr window haas a constantt width in loog scale, n inncreases witth frequencyy. For
example,, if frequency
y step df = 0.000763,
0
n = 8 for fo = 00.05 Hz and 1510 for fo = 10 Hz.

Figure 3.3

Fourier amplitude spectra
s
for tim
me series in different win
ndows.
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3.2.4 Filtering Methodology
High-pass (low-cut) and low-pass (high-cut) filters in the frequency domain are applied to the
windowed record encompassing the entire signal; the other five time windows (the four shown in
Figure 3.2 and the combined p- and s-windows) are not filtered. Causal and acausal Butterworth
filters are applied in which 5 and 4 poles are used for high-pass and low-pass filters, respectively.
High-pass corner frequencies ( f c  HP ) are selected based on the theoretical acceleration
decay at low frequency according to the f 2 model [Brune 1970; Boore and Bommer 2005],
which is shown on the FAS plots for guidance (Figure 3.3). Corner-frequency selection is also
aided by comparison of the “entire signal” FAS to the “noise window” FAS; hence signal-tonoise ratio (SNR) is computed to guide these selections. At low/high frequencies, these will
generally converge by approaching SNR = 1.0, and the high-pass/low-pass corner frequency is
typically selected to be slightly higher/lower than the frequency of convergence. A SNR of 3.0 is
typically referenced. Additionally,  f c  HP  are iteratively selected by reviewing displacement
amplitude in the noise window (e.g., Boore and Bommer [2005]). In consideration of both of the
above factors (conformance with f 2 model and SNR, displacement amplitude in pre-event noise
window), the  f c  HP  selected for the example recording is 0.1 Hz. A low-pass corner frequency

 f c  LP  is selected at 30 Hz due to anti-alias filter of the recording instrument; this is a commonly
encountered situation for ground motions recorded by modern digital instruments. The
methodology described and illustrated here was applied to all NGA-Sub records that passed
screening criteria; see Section 3.2.1. This resulted in selected values of  f c  HP  and  f c  LP  for
all three as-recorded components for each ground motion. The usable frequency is calculated
with a multiplicative factor of 1.25 inward as is standard practice in NGA projects (e.g., Ancheta
et al. [2014]).
Filtered versions of each record are provided using acausal Butterworth filters. Boore and
Akkar [2003] and Bazzurro et al. [2005] reviewed attributes of acausal vs. causal filters and
determined that the phase shift introduced in the application of causal filters that is absent in
acausal filters is the most important distinction. Both filters have the same amplitude of the
transfer function. The following sections describe both filters in greater detail.
(a) Acausal Butterworth filter

The acausal Butterworth filter (high-pass) is applied by modifying both real and complex
components of signal Fourier coefficients as:

 f fc 
2n
1   f fc 
2np

Y 

p

(3.19)

where np is the number of poles, and fc is the corner frequency. Acausally filtered time series
were used for computation of RotDxx IMs [Boore 2010]; see Section 3.3. Figure 3.4 shows the
time domain response of Equation (3.19) for different corner frequencies. The input time series is
an impulse at t = 20 sec with an amplitude of 1/dt. The figure shows that the filter produces timedomain responses prior to impulse arrival (also referred to as pre-event motions; see Bazzurro et
al. [2005]). Figures 3.5 and 3.6 show the Fourier amplitude and phase spectra for acausal filters
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with diffferent corneer frequencies. Figure 3.5 showss that amplitudes rapiddly decreasee for
frequencies lower th
han  f c  HP  . Figure 3.6 shows thhat phase iss not modiffied by filteering.
Because phase is no
ot modified, pseudo-speectral acceleerations are not affectedd by the sellected
values off  f c  HP  wiithin the passs-band [Boo
ore and Akkkar 2003]. A
As a result, aacausal filterrs are
preferred
d for computting IMs.

Figure
e 3.4

Figure 3.5
3

Figure
e 3.6

Tim
me domain response
r
of a
acausally filttered impuls
se.

Fourrier amplitud
de spectra fo
or acausally ffiltered impu
ulse.

Fo
ourier phase spectra for a
acausally filttered impuls
se.
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(b) Causal Butterworrth filter

Although
h Causal Buttterworth fillters were no
ot used in coorrection of ttime series ffor the NGA
A-Sub
project, such
s
filters were
w referenced during data
d processiing to differrentiate the ffilter responsses to
noise in pre-event
p
diisplacement time series (e.g., Kishidda et al. [2017]). The caausal Butterw
worth
filter (hiigh-pass) is applied by
y modifying
g both real and compplex componnents of Foourier
coefficien
nts as:
Y 

1


 i
i  f c f   exp  2 j  1  n  


 2n
j 1 
n

((3.20)

Equation (3.220)] for diffferent
Figure 3.7 shows the time domain responsee of the cauusal filter [E
w
applied
d to an impulse at t = 200 sec with am
mplitude 1/ddt. The filterr does
corner frequencies when
not create a time-dom
main response prior to signal arrivall, thus preseerving the coorrect arrivall time
c
Figures
F
3.8 and 3.9 show
w Fourier am
mplitudes annd phases foor the
for each frequency component.
different corner frequ
uencies in Figure
F
3.7. Figure
F
3.8 shhows that am
mplitudes raapidly decreaase at
frequencies lower thaan  f c  HP  , similar to Figure 3.5 forr the acausall filter. Figuure 3.9 shows that
orts phase neear corner frrequencies. A
As a result, ppseudo-specctral acceleraations
the causaal filter disto
of filtereed signals arre affected by
b filtering even for osccillator freqquencies highher than  f c  HP 
Boore an
nd Akkar 20
003].

Figurre 3.7

Figure 3.8

Time domain response
r
of causally filte
ered impulse
e.

urier amplitud
de spectra fo
or causally fiiltered impullse.
Fou
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Figurre 3.9

Fo
ourier phase
e spectra for causally filte
ered impulse
e.

3.2.5 Baseline
B
Co
orrection
After thee filtering prrocedures deescribed in the previouus section arre applied, tthe zero padds are
removed to provide pad-stripped
d time seriess; see Figuree 3.10(a) ass an examplee of an acauusally
filtered record. This acceleration
n time series is then integgrated to vellocity and thhen displacem
ment,
with the initial veloccity and disp
placement asssumed to bbe zero; see Figures 3.100(b) and (c). The
integratio
on occurs in the time do
omain using the linear accceleration m
method [Niggam and Jennnings
1969].
A problem that is som
metimes enccountered w
with the inttegrated tim
me series iss the
appearan
nce of baselline drift in
n displacemeents. For exxample, Figgure 3.10(c)) shows a llinear
baseline drift, suggessting that thee velocity tim
me series hass a constant offset. Suchh drifts are caaused
nitial velocity
y in pad-strripped record
dings after applying the acausal fiilter (as exppected
by an in
based on
n the impulsee response sh
hown in Figu
ure 3.4); the error occurss because thhe actual nonn-zero
value is mis-represen
m
nted by the assumption
a
of
o zero in thee integrationn process.
A baseline co
orrection pro
ocedure from
m Boore et aal. [2012] coould be applied to correcct the
errors sh
hown in Figu
ure 3.10. Figure 3.11 sh
hows the zeero-padded aacausally filltered time sseries
(i.e., zero
o-pads were kept at the beginning of
o recording after applyiing acausal filter). The slope
of the veelocity timee series duriing the zero
o-padded intterval indicaates that theere is a nonn-zero
accelerattion before the start timee of the orig
ginal record; therefore, tthe velocity time series has a
positive bias if the initial
i
veloccity is assum
med to be zeero for a paad-stripped time series. This
positive bias
b in velocity appearss as a ramp in the displ acement tim
me series; seee Figure 3.110(c).
Boore et al. [2012] demonstrated
d
d that this drift
d
does noot occur if thhe correct innitial velocityy and
displacem
ment are useed in integratting acceleraation time seeries. This ddoes not occuur if zero-paadded
filtered time series are
a provided, which is an
a approach that has beeen applied inn other databbases
[Akkar et
e al. 2010]. If either off these appro
oaches is us ed, baselinee correction is not a reqquired
step in daata processin
ng.
The
T NGA-Su
ub project did
d not adop
pt the remeedies suggessted by Booore et al. [22012]
because we aimed to
t provide pad-stripped
p
d acceleratioon time seriees that can be integrated to
displacem
ment withou
ut baseline drift
d
when initial
i
velociity and dispplacement arre taken as zero.
Baseline correction was
w required
d to achieve this
t aim. Thee baseline coorrection hass three stepss:
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1. A cosine taper
t
is appllied at the on
nset of the paad-stripped rrecord per E
Equation (3.110);
2. A 6th ordeer polynomiaal is fit to thee displacemeent time seriies; and
3. The polyn
nomial fit is subtracted from
f
the filteered displacement time series, whichh can
be differeentiated to veelocity and acceleration.
a
r
from Figure 3.10 followingg applicationn of the basseline
Figure 3.12 shows the record
procedurre, which sh
hows that th
he baseline drift has bbeen removeed. The proocess of basseline
correction also ensurres compatib
bility of proccessed accelleration, veloocity, and ddisplacementt time
histories as described
d in Chiou et al. [2008]], and discuussed in Booore et al. [20012]. Figuree 3.13
comparess 5%-dampeed pseudo-sp
pectral accellerations beffore and afteer applicatioon of the basseline
correction procedure, showing a negligible im
mpact.

(a)

(b)

(c)

Figure 3.10

Time series of
o acausally filtered
f
pad-s
stripped reco
ord: (a) acce
eleration; (b)
ve
elocity; and (c) displacem
ment time se
eries by doub
ble integratio
on of
acceleration time
t
series assuming
a
the
e initial veloc
city and disp
placement
are zero.

(a
a)

(b
b)

Figure 3.11

Acceleration
A
(a) and veloc
city (b) time s
series of aca
ausally filtere
ed record
with
w zero padding.
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((a)

(b)

((c)

Figure 3.12

Fig
gure 3.13

Acausally
A
filte
ered time series with bas
seline correc
ction: (a) acc
celeration;
(b
b) velocity; and
a (c) displa
acement.

Effect of ba
aseline corre
ection on PSA
A for acausa
ally filtered tiime series.
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3.3

COMPUTAT
C
TION OF GROUND-M
G
MOTION PA
ARAMETER
RS

3.3.1 As-Recorde
A
ed and RottDnn Pseudo-Spectra
al Accelera
ations
Acceleraation time seeries processsed using th
he procedurees described in Section 3.2 were ussed to
compute two types of pseudo
o spectral accelerations
a
s (PSA). One is “as-rrecorded speectral
accelerattion,” which
h computes the
t PSA for three compponents indeppendently. T
The other PS
SA is
“RotDnn
n,” which is an orientatiion-independ
dent combinnation of thee two horizoontal compoonents
[Boore 2010].
2
The following
f
seections descrribe each typ
ype of PSA computationn as well as time
series intterpolation th
hat was appllied in the caalculations.
As
A described in Chapter 4, there are 70,107 threee-componennt records frrom 1880 evvents.
Followin
ng screening to remove events
e
witho
out magnituddes, hypocennter locationns, assigned event
types, or distances, th
he database is reduced to 65,276 reccordings from
m 976 eventts. Figure 3.14(a)
shows th
he data disstribution fo
or these 97
76 events iin magnitudde-distance space for peak
accelerattion. Figuress 3.14(b) and
d (c) show peak
p
ground accelerationn (PGA) disttributions for 360
events cllassified as interface
i
(23
3,552 record
dings) and 3383 intraslabb events (27,547 recordiings),
respectiv
vely. Figure 3.15
3
shows the
t number of records aas a function of oscillatorr period. There is
fall-off in
n the amoun
nt of data as period increeases as som
me records beecome outsidde of their uusable
range based on the selected
s
low
w-cut frequen
ncy. Figure 3.15 shows this fall-offf begins at 1 sec,
and two-thirds of thee data is lost at 20-sec peeriod.

Figure 3.14(a) Distribution
D
in
n magnitude
e-rupture disttance space of recording
gs from 976
ev
vents that pa
ass screenin
ng criteria (de
escribed in C
Chapter 4).
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D
in
n magnitude
e-rupture disttance space of recording
gs from 360
Figure 3.14(b) Distribution
in
nterface even
nts.

Figure 3.14(c) Distribution
D
in
n magnitude
e-rupture disttance space of recording
gs from 383
in
ntraslab even
nts that pass
s screening c
criteria desc
cribed in Cha
apter 4.
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Figure 3.15

Fall-off of num
mber of usab
ble records ffrom 976 scre
eened events
s as
oscillator period increase
es.

(a) As-re
ecorded pseu
udo-spectral acceleration
ns

Pseudo-sspectral acceelerations are
a computed from speectral displaacement (SD
D), which is the
maximum
m relative diisplacement of the singlee-degree-of- freedom (SD
DOF) elasticc oscillator w
with a
specific period and damping. A damping ratio of 5 % was useed. Spectral displacemeent is
converted
d to PSA as follows:
 2 
PSA
P  SD  

 T 

2

((3.21)

where T is the structtural period.. Pseudo-speectral acceleerations are computed uusing the acaausalfiltered acceleration
n histories for the reeasons giveen in Secttion 3.2.4. Pseudo-speectral
accelerattions for as-rrecorded com
mponents aree listed in thhe PSA_𝑖𝑗 taable in the reelational dataabase
as H1, H2,
H and V. Orientations
O
for
f the horizzontal compoonents are pprovided in R
RecordMeta table
in the rellational datab
base.
(b) RotDx
xx pseudo-s
spectral acce
elerations

As descriibed in Boorre [2010], th
he RotDnn sp
pectra repressent the rangge of oscillattor responses to a
given paair of horizo
ontal input motions.
m
Thee responses are computted across aall non-redunndant
rotation angles, and “nn” repressents the fraactile of thee spectra sorted by ampplitude. Thee “D”
indicates that rotation
n angle will be specific to
t the periodd of the oscilllator.
RotDnn
R
specttra for a given azimuth can
c be compputed from tthe horizontaal ground m
motion
for that same
s
azimuth
h. The groun
nd motion fo
or a particulaar azimuth (rrotated an am
mount θ from
m the
azimuthss of the origiinal recordin
ngs) can be computed
c
froom the orthoogonal horizzontal-compoonent
time seriees, a1 (t ) and
d a2 (t ) , as fo
ollows:
a ROT  t ,    a1  t  cos   a2  t  sinn 

((3.22)

where aROT
the rotatted time seriees, and  is the
t rotation angle from tthe a1 axis. Using the R
RCTC
R
code from
m Wang et al.
a [2017] (orr an equivalent Fortran ccode from D
Dave Boore [[2020]), respponse
spectra for
fo the rotateed time seriees are calculaated for nonn-redundant rotation anggles betweenn zero

33

and 180°. Three frractiles are saved: the minimum (RotD00), median (RotD50), andd the
m (RotD100).
maximum
(c) Time series interp
polation

Figure 3..16 shows PS
SA for an ex
xample recorrding (recorrd sequence nnumber, RSN
N 1002911)). The
black lin
ne shows thee PSA comp
puted from a time seriees for whichh acceleratioons betweenn data
points arre interpolated linearly [Nigam and
d Jennings 11969]. The bblue line shoows the PSA
A for
which tim
me series aree interpolateed in frequen
ncy domain uusing sinc innterpolation [Shannon 1998],
which in
ncreases sam
mple rate by
y powers off 2 (i.e., 2, 4, 8, etc.). Sinc interppolation invvolves
padding the time serries with zeeros, computting the Fouurier transfoorm, and theen performinng an
F
transform to obtaain the revised signal. B
Boore and Gooulet [2014] recommendd sinc
inverse Fourier
interpolaation to avoiid the underrestimation of
o PSA nearr the anti-alliasing corneer frequencyy and
introducttion of spuriious energy at high freq
quencies from
m linear intterpolation, ee.g., as show
wn in
Figure 3.16 at 0.04 sec (25 Hz)) by the smaall bump in PSA. We aapplied sinc interpolatioon, as
coded in RCTC, for the
t computaation of PSA for NGA-Suub.

Figure
F
3.16

Effect of time
t
series i nterpolation
n on PSA.

3.3.2 Other
O
Ground-Motion
n Paramete
ers
Ground-m
motion param
meters beyon
nd PSA thatt were considdered in the NGA-Sub pproject are:


Arias intensity (A
AI);



Timess to differentt percentiles of AI (5% tto 95% in steeps of 5%), w
which
can bee used to com
mpute signifficant duratioons;



Cumu
ulative absolu
ute velocity (CAV) paraameters, inclluding CAV and
CAV integrated beyond
b
a low
wer limit of 5 cm/sec2 (C
CAV5); and



Fourieer amplitudees.
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Arias Intensity is computed per Arias 1970]:

AI 



a t  dt
2g 
2

(3.23)

Arias intensity is provided in units of cm/sec. Times to various percentiles of AI are provided as
measured from the start of the pad-stripped acceleration time series that is produced by the
processing procedures described in Section 3.2. Cumulative absolute velocity is computed as:

CAV   a  t  dt

(3.24)

Cumulative absolute velocity is also computed excluding portions of the absolute accelerogram
with amplitudes less than 5 cm/sec2, which is referred to as CAV5. This definition of CAV has
been used, for example, to predict pore pressure generation in sands [Kramer and Mitchell 2006].
Smoothed FAS are provided for vertical as-recorded components as well as for a
smoothed effective amplitude spectrum (EAS) defined per Goulet et al. [2018] as:

EAS  f  

2
2
1
AH 1  f   AH 2  f  

2

(3.25)

where AH 1  f  and AH 2  f  are Fourier amplitudes of the two as-recorded horizontal motions.
Smoothing and desampling were performed after computing EAS following the approach by
Goulet et al. [2018]. The values stored in the relational database are for the entire window. The
calculations provide Fourier amplitude for all windows, but these additional data are not
incorporated into the relational database. Fourier phases were not retained following smoothing
and desampling.
3.3.3 Ground-Motion Tables in Relational Database
Chapter 2 of this report describes the database schema and introduces the various tables that
comprise the database. Tables in the database that relate to ground-motion parameters and related
information described in this chapter include the following (RSN = record sequence number,
which is a unique identifying index for each ground motion):
RecordMeta: RSNs, as-recorded azimuths, high-pass corner frequencies;
RecordtoAT2: maps RSNs to the corrected time series (.AT2 files);
HeaderData: contains time step and other information from headers of AT2 files;
OscPeriods: list of oscillator periods used to compute PSA;
OscDamp: list of oscillator damping values used to compute PSA;
PSA_ij: RSN, periods, PSAs (periods are columns, RSN are rows);
‐
‐

i = component (H1, H2, V, RotD0, RotD50, RotD100)
j = damping ratio
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DurationMetrics_k: RSN; AI for components k = H1, H2, and V; times for k =
H1, H2, and V (i.e., percentiles of AI = 0.05 to 0.95 in steps of 0.05);
FAS_k: RSN; frequencies; Fourier amplitudes for components k = H1 amp, H2
amp, EAS; Frequency in columns, FAS in rows; and
CAV_k: RSN; CAV for components k = H1, H2, and V; CAV5 for k = H1, H2,
and V.
3.4

DATA-QUALITY FLAGS

Individual recordings may have amplitudes that are so low or high that they are likely in error,
and as such, may not be suitable for use in ground motion model (GMM) development. Sources
of such errors might include incorrect gain, calibration problems, or incorrect units. Similarly,
the population of recordings for individual earthquake events might be unreasonably high or low,
which could indicate source location errors.
We sought to identify recordings potentially subject to such errors through the
assignment of data-quality flags. The assignment of flags occurred mid-way through the NGASub project and prior to GMM development. Our approach was to evaluate data for individual
events relative to a global GMM available at that time (i.e., the “BC Hydro” model of
Abrahamson et al. [2016]). Using ground-motion IMs and metadata from a regional flatfiles
(Section 2.2), residuals were computed relative to the Abrahamson et al. [2016] model. An IM
from a recording is considered potentially problematic if its residual falls outside the range of
4 , where  is the total standard deviation. Figure 3.17 shows IMs vs. distance for a sample
event in Japan, from which several records falling below the range can be seen.
Residuals were computed for the four IMs for which data are illustrated in Figure 3.17:
PGA and 5%-damped pseudo-spectral accelerations at oscillator periods of 0.1, 0.3, and 1.0 sec.
Flags were then assigned as indicated in Table 3.5. The -999 flag is assigned for recordings from
non-interface or intraslab events (the Abrahamson et al. [2016] GMM does not apply in such
cases), records with missing IMs, or missing metadata (most often distance). Data-quality flags
are provided in the RecordFlag table for incorporation into the NGA-Sub relational database.
Table 3.5
Flag

Criteria for assignment of data-quality flags.
Description

4

0

All residuals within

1

Residuals for one intensity measure beyond

2

All four residuals beyond

-999

4

4

Residuals not calculated due to missing data or
metadata and for event types other than intraslab or
interface

36

5

10

50

200

1

2

5

10

50

200

Rrup (km)

Rrup (km)

Event: 194 M: 5.98

Event: 194 M: 5.98

1e−10

1e−04
1e−10

1e−04

2

PSA (g), T = 1

1

PSA (g), T = 0.3

1e−04
1e−10

1e−04

PSA (g), T = 0.1

Event: 194 M: 5.98

1e−10

PGA (g)

Event: 194 M: 5.98

1

2

5

10

50

200

1

Rrup (km)

Figure 3.17

2

5

10

50

Rrup (km)

Comparison of data to median +/- four standard deviations from
Abrahamson et al. [2016] model, used for flag assignments.
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Source and Path Metadata

Víctor Contreras, Jonathan P. Stewart, Tadahiro Kishida, Robert B. Darragh, Brian S.J. Chiou, Silvia
Mazzoni, Nico Kuehn, Sean K. Ahdi, Katie Wooddell, Robert R. Youngs, Yousef Bozorgnia, Rubén
Boroschek, Fabián Rojas, and Jennifer Órdenes

4.1

OVERVIEW AND ORGANIZATION

4.1.1 Introduction
For the earthquakes considered in the NGA-Subduction (NGA-Sub) project, a series of
descriptive source parameters are needed to support the development of ground-motion models
(GMMs). For a given ground-motion recording site, source parameters also allow path
parameters to be defined, so the issues of source and path are strongly linked in the NGA-Sub
database development. This chapter describes the manner by which those parameters were
compiled and assembled in a source and path database file, which has been developed for events
with ground-motion recordings obtained in different regions affected by subduction-zone
earthquakes around the world.
Chapter 2 describes the overall schema for the NGA-Sub database. This chapter concerns
the source and path database and its contributing tables, which is a component of the broader
database. The individual fields that comprise the source and path database are listed in Chapter 2.
Certain obvious parameters listed in Chapter 2 are not explained here (e.g., region flags). This
chapter describes what many of those parameters are in more detail and explains how they were
developed.
4.1.2 Overview of Events
Figure 4.1 shows global maps with locations of the epicenters and the strong-motion recording
stations in the NGA-Sub database. As presented in this figure, the source and path database has
been organized into seven major regions: Alaska (ALK), Cascadia (CAS), Central America and
Mexico (CAM), Japan (JPN), New Zealand (NZL), South America (SAM), and Taiwan (TWN).
Also shown in Figure 4.1 are the main tectonic plates and plate boundaries as defined in a digital
model assembled by Bird [2003]; the boundaries shown in red are mostly classical oceanicbeneath-continental subduction boundaries whereas other plate boundaries are shown in black.
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(a)

(b)

Figure 4.1

Locatiions of (a) epicenters
e
an
nd (b) stron g-motion rec
cording stattions in the NGASub database.
d
Re
egions are in
ndicated by c
color of the epicenters a
and stations
s, and
labele
ed as ALK (A
Alaska), CAS (Cascadia), CAM (Centrral America a
and Mexico), JPN
(Japan
n), NZL (New
w Zealand), SAM
S
(South A
America), and TWN (Taiw
wan).
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The
T NGA-Su
ub source and
d path database containss source infoormation on eevent date, oorigin
time, seismic moment, moment magnitude,, hypocenterr location, nnodal planess, and finite-fault
geometric parameterrs. These an
nd other paraameters are listed and ddefined in C
Chapter 2. A key
aspect is classificatio
on of each earthquake into one of four types: interface, intraslab, shaallow
crustal, or
o outer-risee. While th
he NGA-Sub
b project foocuses on ssubduction-zzone events (i.e.,
interface and intrasllab), there is an importtant numberr of shallow
w crustal eveents and a small
number of
o outer-risee events. Thee presence of
o these evennts in the daatabase is a byproduct oof the
manner in
i which thee database was
w developed; ground-m
motion recoordings weree collected iin the
seven stu
udy regions in Figure 4.1 without establishing
e
a priori earrthquake typpe. Once thee data
had been
n collected an
nd processed
d, instead off discarding ddata from noon-subductioon sources, iit was
retained and
a flagged based on thee event-typee.
Figure 4.2 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
Alaska region, witth differentiation by magnitude and type of earthquake. Subduuction
kes are gen
nerated in Alaska
A
by su
ubduction oof the northh-west dippiing Pacific Plate
earthquak
beneath the
t North American
A
Plaate. As show
wn in Figuree 4.2, the plate boundarry is immediiately
south of the Aleutian
n Island chaiin and aboutt 330 km souuth of mainlland Alaska in the vicinity of
Anchorag
ge. Along the
t Aleutian
n island chain, althoughh a mixture of event tyypes occur, most
events arre interface;; further to the east thee available eevents are ppredominanttly intraslab. The
largest in
nterface even
nt is the 200
03 M7.78 Raat Islands eaarthquake, annd the largest intraslab event
in the eastern
e
regio
on is the 2016
2
M7.15
5 Iniskin eaarthquake. T
The 2018 M
M7.1 Anchoorage
earthquak
ke is not inccluded in thee NGA-Sub database beecause the eaarthquake occcurred afterr data
collection
n for the prroject termin
nated; howev
ver, it is alsso in the eaastern part oof the subduuction
zone.

Figure 4.2

Epicenttral locations
s of earthqua
akes with rec
cordings in A
Alaska.

43

Figure 4.3 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
w
differen
ntiation by magnitude and type of earthquuake. Subduuction
Cascadiaa region, with
earthquak
kes are generated in Cascadia by subduction of the east--dipping Juaan de Fuca Plate
beneath the
t North Am
merican Plate. As shown in Figure 4.3, the platte boundary is approxim
mately
60–140 km
k west of the
t coastlinee in Oregon and Washinngton. Theree are three cclusters of evvents.
Starting from the south
s
near Eureka,
E
Callifornia, a sseries of shhallow crusttal and intrraslab
earthquak
kes have occcurred, with a magnitude range of 44.26–7.22. N
North of this region, but south
of the clu
uster of even
nts in the Seaattle and Vaancouver are as, there is a paucity of events; how
wever,
two interrface events occurred in this region east of Eugeene, Oregonn, with magnnitudes of 4.77 and
4.9. Even
nts in the Seeattle–Vanco
ouver region
ns are intrasslab, with m
magnitudes raanging from
m 3.3–
6.8. The largest eveent in the NGA-Sub
N
database
d
for Cascadia is the 2001 M6.8 Nisqqually
(Washing
gton) earthqu
uake.

Figure 4.3

Epicentra
al locations of earthquak
kes with reco
ordings in Ca
ascadia.
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Figure 4.4 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
A
and
d Mexico reg
gion, with differentiatio
d
on by magnittude and typpe of earthqquake.
Central America
Subductiion earthquaakes are gen
nerated in Central
C
Ameerica and M
Mexico by suubduction oof the
north-easst-dipping Cocos
C
Plate beneath
b
the North Amerrican Plate, the Caribbeean Plate, annd the
Panama Plate.
P
The sm
mall Rivera Plate, north of Cocos, allso subductss beneath thee North Ameerican
Plate. Ass shown in Figure
F
4.4, th
he plate bou
undary is appproximately 30–170 km southwest oof the
coastline. Significantt numbers off interface an
nd intraslab events occuur throughouut this regionn. The
largest interface events are clu
ustered in the northweest sector, including tthe 1985 M
M7.99
Michoacan (Mexico)) earthquakee. The largesst intraslab eevent included in the NG
GA-Sub dataabase
is the 1999 M7.46 Oaxaca
O
(Mex
xico) earthqu
uake. Two rrelatively reccent large evvents occurrred in
Mexico in
i Septembeer 2017: the September 8, 2017, M88.2 offshoree Chiapas eaarthquake annd the
September 19, 2017
7, M7.1 Pueebla earthquaake. The fo rmer is an interface evvent, whereaas the
latter is an
a intraslab event. Thesse earthquak
kes are not ccurrently parrt of the NG
GA-Sub dataabase.
Each pro
oduced substantial numbeers of record
dings and wiill be includeed in future uupdates.
Figure 4.5 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
Japan reg
gion, with differentiatio
d
on by magniitude and tyype of earthhquake. Becaause of the large
number of
o earthquak
kes in Japan
n and the com
mplexity off the tectoniccs, Figures 44.6 and 4.7 show
more deetailed views of the no
orthern and
d southern ssectors, resppectively. Inn the northh, the
northwesst-dipping Paacific Plate subducts beeneath the O
Okhotsk Platte (an extenssion of the N
North
American
n Plate) at the Japan Trench.
T
To the west, inn the Sea oof Japan, a convergent plate
boundary
y occurs betw
ween the Ok
khotsk Plate to the east aand the Amuur plate to thhe west. Neaar the
middle of
o the main island
i
(Honsshu), the Paccific Plate’s western bouundary bendds south andd east,
and the Philippine
P
Seea Plate subd
ducts beneath Japan at thhe Nankai Trrough.

Figure 4.4

Epicentral
E
loc
cations of ea
arthquakes w
with recordings in Centra
al America
and Mexico.
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Figure 4.5

Epicenttral locations
s of earthqua
akes with recordings in J
Japan.
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Figure 4.6

Epic
central locattions of earth
hquakes in n
northern Japan.

Figure 4.7

Epic
central locations of earth
hquakes in s
southern Jap
pan.
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Figure 4.8 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
y magnitude and type off earthquakee. The occurrrence
New Zeaaland region, with differrentiation by
of subdu
uction earthq
quakes in Neew Zealand is associateed with its pposition acrooss the bounndary
between the Pacific Plate to thee southeast and the Ausstralian Platte to the norrthwest, witth the
m Alpine fau
ult passing across
a
the South
S
Islandd. To the easst of the Noorth Island iis the
transform
Kermadeec Trench. The
T subductin
ng Pacific Plate has prodduced manyy intraslab eaarthquakes inn this
northern sector. To the
t west of the southweest end of thhe South Islland is the P
Puysegur Trrench,
he Australiaan Plate sub
bducts beneeath the Paacific Plate. This Fiorddland regionn has
where th
primarily
y produced a series of in
nterface even
nts. The larggest interfacee and intrasllab events arre the
2009 M7
7.81 Fiordlan
nd earthquak
ke and the 1988
1
M6.69 Te Anau eaarthquake, rrespectively; both
are locateed in the Sou
uth Island off New Zealan
nd.

Figure 4.8

Epicentral locations off earthquake s with record
dings in New
w Zealand.
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Figure 4.9 preesents the lo
ocations of earthquakes iincluded in tthe NGA-Suub database iin the
merica regio
on, with diffferentiation by magnituude and typee of earthquuake. Subduuction
South Am
earthquak
kes are gen
nerated in South Ameriica by subdduction of thhe east-dippping Nazca Plate
beneath the
t South American
A
Plaate at the Peeru-Chile Trrench (also called Atacama Trenchh). As
shown in
n Figure 4.9,, the plate bo
oundary is approximatel
a
ly 80–200 kkm west of the coastlinee. The
database contains many
m
interfacce events lo
ocated near the trench, as well as intraslab eevents
located further eastt beneath the
t
South American P
Plate. The interface eevents are most
hile, and incclude the 19985 M7.98 Valparaiso and 2010 M
M8.81
concentraated off the coast of Ch
Maule (C
Chile) earthq
quakes. Theere is a particular conceentration of intraslab eaarthquakes iin the
north off Chile neaar Antofagassta, includin
ng the 20005 M7.78 T
Tarapaca eaarthquake. E
Event
concentraations are relatively sparrse further no
orth in Peru,, Ecuador, annd Colombiaa.

Fig
gure 4.9

Epicentral locations of earthquakes
e
s with record
dings in Soutth America.
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Figure 4.10 presents
p
the locations off earthquakees included in the NGA
A-Sub databaase in
wan region, with
w differen
ntiation by magnitude
m
annd type of eaarthquake. Taiwan occuppies a
the Taiw
position amidst a co
omplex seriees of plate boundaries,
b
which give rise to a coouple of atyypical
subductio
on zones. Beecause of th
his complexitty, region-sppecific studiies were useed to define some
of the bo
oundaries sho
own in Figu
ure 4.10, whiich do not m
match the diggital global m
model assem
mbled
by Bird [2003]. The predominaant boundarry is converrgent betweeen the nortthwest-displacing
Philippin
ne Sea Platee to the sou
utheast and the Yangtzee Plate to th
the northwesst; howeverr, this
boundary
y has not pro
oduced earth
hquakes in the
t NGA-Suub database (shallow cruustal earthquuakes
have occcurred in th
his region th
hat are in the
t NGA-W
West2 databaase). Ratherr, the eventts are
clustered
d near other plate
p
boundaaries northeaast and southh of the islannd.
Well
W northeasst of Taiwan
n, the Philipp
pine Sea Platte subducts bbeneath the Okinawa Plate at
the Ryuk
kyu Trench.. As that bo
oundary app
proaches Taaiwan from the east, itt transitions to a
convergeent boundarry, and thee subduction
n persists. This subduuction term
minates nearr the
northeasttern portion of Taiwan [Wu
[
et al. 20
009]. As shoown in Figuure 4.10, inteerface subduuction
events occcur immediiately north of the conveergent bounndary, and inntraslab evennts occur benneath
much of the southweestern portio
on of the Ok
kinawa Platee. The largest interface event in Taiiwan,
the 2002
2 M7.12 Offfshore Huallien (Taiwan
n) earthquakke, occurredd in this reggion. The laargest
intraslab event in thiss region is th
he 2004 M6..59 earthquaake with evennt ID 7000045.

Figure 4.10

Epicentral
E
loc
cations of ea
arthquakes w
with recordings in Taiwan
n. The
ce
entral portio
on of Taiwan has many sh
hallow crusttal earthquak
kes that are
not included in
i the NGA-S
Sub database
e.
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Figure 4.11

Event
E
location
ns in CAM an
nd SAM show
wing locatio
ons and magn
nitudes of
classified and
d unclassified events.

In
n the south, the
t east-dipp
ping Sunda Plate
P
subduccts beneath tthe Philippinne Sea Plate. That
boundary
y evolves intto a converg
gent boundarry from soutth to north, but the subdduction conttinues
in the traansition betw
ween southerrn Taiwan an
nd north of the Sunda P
Plate [Malavvielle et al. 22002].
The dataabase does not
n contain interface ev
vents in thiss region, butt does incluude two intrraslab
events eaast of the bou
undary, inclu
uding the 20
006 M7.02 O
Offshore Pinggtung (Taiw
wan) earthquaake.
There
T
are a significant number
n
of earthquakes
e
included inn the NGA-S
Sub databasse for
which classification according to
o event typee (interface, intraslab, shhallow crusttal, or outerr-rise)
was not performed
p
as
a part of thee NGA-Sub project. As a results of tthese missinng classificattions,
these eveents did nott go through
h the qualitty assurancee (QA) proccedures desccribed in Seection
4.2.1; therefore theirr source parrameters maay be less rreliable and certain infoormation maay be
missing. Figure 4.11 shows th
he regions of
o South annd Central America annd Mexico, with
locationss of both claassified and unclassified
u
events (moost of the unclassified evvents are in these
regions). As shown in
i Figure 4.1
11, the unclaassified evennts have smaall magnitudees (M<6) annd are
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in the same general locations ass larger even
nts that are iincluded in the NGA-Suub database. The
unclassiffied earthquaakes by regio
on consist off:


594 ev
vents with magnitudes
m
M<6
M in Southh America; m
most of thesse
earthq
quakes (61%
%) have only one or two rrecordings;



181 ev
vents with magnitudes
m
M<6
M in Centtral Americaa and Mexicoo; 41% of
these earthquakes have only one
o or two reecordings; annd



h magnitudess M<5.2 in N
New Zealandd.
Three events with

The lack of event claassification and
a applicattion of QA pprocedures fo
for these eveents resulted from
g limited ressources elsew
where durin
ng the data ccompilation aand refinem
ment phases oof the
allocating
NGA-Su
ub project.
4.1.3 Summary
S
of
o NGA-Sub
b Events
The totall number off events in the
t source database
d
witth an assignned earthquaake identificcation
number (NGAsubEQ
(
QID) is 1880
0. As discusssed in Sectioon 4.2.1, QA
A procedures eliminated some
events, mostly
m
becau
use of misssing magnitu
udes or hyppocenter loccations, whicch decreased the
number of
o potentially
y usable eartthquakes to 1782. Furtheer screeningg to remove eevents withoout an
assigned event type reduced
r
the number
n
of ev
vents to 991 .
s
the distribution
d
of
o these 9911 events by region. Thee South Am
merica
Figure 4.12 shows
region co
ontributes th
he largest nu
umber of su
ubduction eaarthquakes, ffollowed byy Japan and New
Zealand. The events tallied in Figure
F
4.12 are
a those in the NGA-S
Sub databasee with eventt-type
m
regionss, subduction-type evennts (interfacee or intraslaab) are domiinant;
classificaations. For most
New Zeaaland is an ex
xception, wiith 135 shallo
ow crustal aand 139 subdduction earthhquakes.

Figure 4.12

Regional distribution
d
of
o earthquake
es with even
nt-type classifications.
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Figure 4.13(aa) shows thee event-typee distributionn. The datasset is dominnated by inteerface
uakes, which are nearly
y evenly disstributed. Thhere are 2211 shallow crrustal
and intraaslab earthqu
earthquak
kes in the daatabase, mosstly from Neew Zealand.. While not directly usefful for NGA
A-Sub
modeling
g, these dataa were retain
ned in the daatabase. The contributionn of outer-riise earthquakkes is
small. Figure 4.13(b)) shows the distribution
d
of recordinggs by event ttype, which generally mirrors
the eventt distribution
n. If unclasssified events were includded in Figurre 4.13, theyy would com
mprise
more than 40% of thee events but only 5% of the recordinngs.
Figure 4.14 presents
p
the magnitude distribution
d
oof all earthqquakes incluuded in the N
NGASub dataabase, includ
ding those without
w
eveent-type classsifications. Approximaately 73% oof the
events have
h
magnittudes M≥5..0; the dataaset is dom
minated by mid-size eearthquakes with
magnitud
des between approximateely 4.5 and 7.0.
7 There arre 13 large eevents with m
magnitudes M
M≥8;
six of theese occurred
d in South America
A
whiile seven oc curred in Jaapan. Ten off the M≥8 eevents
are interfface and threee are intrasslab. The maajority of thee earthquakees with maggnitudes M<
<5 are
from Sou
uth America (~40%) and
d New Zealan
nd (~30%).
Figure 4.15(aa) shows thee magnitudee distributionn of earthquuakes differeentiated by event
type; sim
milarly, Figu
ure 4.15(b) shows the magnitude distribution of recordinngs. Unclasssified
events are
a a signifiicant fractio
on of the database
d
forr M<6, intrraslab, and interface eevents
contributte roughly eq
qually for magnitudes
m
beetween 4.5 aand 7; interfa
face events ddominate at llarger
magnitud
des.
The
T time perriod covered
d by the sou
urce databasse extends fr
from the latee 1930s to 22016.
Figure 4..16 presents the cumulattive number of earthquakkes over tim
me with differrentiation byy type
of earthq
quake in linear and logarithmic scaales. More tthan 80% oof the eventss in the dataabase
occurred after 2000, including th
he 2010 M8
8.81 Maule (Chile) eartthquake and the 2011 M
M9.12
(
earth
hquake. Relaatively recen
nt large earthhquakes incllude the 20115 M7.89 ChhichiTohoku (Japan)
shima (Jaapan) earthq
quake, the 20
015 M8.31 Illapel
I
(Chille) earthquakke, the 20166 M7.82 Ecuuador
earthquak
ke, and the 2016
2
M7.85 Kaikoura (N
New Zealandd) earthquakke.

(a)

Figure 4.13

(b)

(a
a) Distributio
on of the events by type o
of earthquak
ke; and (b) diistribution off
th
he recordings by type of earthquake..
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Figure
F
4.14

Magnitude
e distribution
n of the earthquakes.

(a)

Figure 4.15

(b)

(a
a) Magnitude
e distribution
n of the even
nts by type off earthquake
e; and (b)
magnitude
m
dis
stribution off the recordin
ngs by type o
of earthquak
ke.
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(a)

Figure 4.16

(b)

Cumulative
C
number of eve
ents over tim
me by type off earthquake
e using (a)
linear and (b) logarithmic scales.

6
8
447
27

17
Figure 4.1

Distrib
butions of ev
vents with FF
FMs in the NG
GA-Sub data
abase.

Finite-fault models
m
(FFM
Ms) based on
n seismologi cal inversionns reported in literature have
been com
mpiled as paart of the NG
GA-Sub projject. More thhan 80 evennts have published FFMss that
have beeen incorporaated into the database. While
W
only 88% of the tootal numberr of events, these
events co
omprise 35%
% of the grou
und-motion recordings. Figure 4.177 summarizees the distribbution
of FFMs by event typ
pe. Section 4.3
4 describess the methodds applied too select and iinterpret FFM
Ms.
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Parameters descriptive off style-of-fau
ulting (or faault type) arre compiled independenttly of
event typ
pe. For exam
mple, intrasllab earthquaakes can com
mmonly havve normal orr strike-slip fault
types. In NGA-Sub, fault type is defined bassed on rake aangle, as desscribed in Seection 4.2. F
Figure
4.18 shows the distrribution of NGA-Sub
N
ev
vents with rrespect to raake and dip angles. Inteerface
blue squaress) are mostlly associated with reveerse faultingg (60°<rake<
<120°) and with
events (b
reverse-o
oblique faulting (30°<raake<60° and
d 120°<rakee<150°), whhereas intraaslab events (red
circles) have
h
differen
nt faulting sttyles. Furtheermore, mosst of the inteerface eventss have dip aangles
lower thaan 30°, whicch is consisttent with thee geometry oof the subduucting plates; intraslab eevents
dip in diffferent directions. Theree are two app
parently mis classified evvents that haave been assiigned
as “low confidence”” events (S
Section 4.2.2
2d), one wiith dip of 79° and rakke -152° (E
Event
w dip of 33°
3 and rake of 5° (Evennt 4000013).
4000017), the other with

Sttrike Slip
Reverse – Obliq
que
R
Reverse
Reverse – Obliq
que
Sttrike Slip
Normal – Obliqu
ue
Normal
ue
Normal – Obliqu
Sttrike Slip

Figure 4.18
4

4.2

Rake
e and dip ang
gles for interrface and inttraslab eventts in the NGA
A-Sub databa
ase.

GENERAL
G
EARTHQU
E
AKE CATA
ALOG

4.2.1 Parameter
P
Definitions
D
s
The sourrce-related parameters
p
that
t
were collected
c
froom differentt sources orr derived foor the
NGA-Su
ub database are
a date, orig
gin time, mo
oment magnnitude (M), hhypocenter llocation (latiitude,
longitudee, and focal depth), and
d the followiing features regarding ssource geom
metry and tyype of
earthquak
ke, as illustrrated in Figu
ure 4.19:


Location of the faault-rupture plane
p
(upperr left corner w
when vieweed from
hangin
ng wall) and
d number of segments;



Fault--rupture plan
ne dimension
ns: length (L
L), width (W)), and area (A
A);
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Strikee (), dip (),, and rake () angles;



Depth
h to top of th
he fault-ruptu
ure plane (ZTTOR);



Fault type as eitheer strike-slip
p, normal, revverse, reversse-oblique, oor
normaal-oblique, as
a inferred from rake anggle; and



Earthq
quake type as
a either inteerface, intraslab, shallow
w-crustal, or oouterrise.

The geom
metric param
meters in the first two bu
ullets define a single recctangular fauult surface, w
which
is sufficient to definee the geomettry of the rup
ptured fault in most cases. The FFM
Ms for some large
earthquak
kes are descrribed by mu
ultiple, conneected rectanggles (e.g., M
Maule, Chile).
Whenever
W
po
ossible, the geometric and
a slip-direection param
meters listed above are ttaken
from pub
blished FFM
Ms, as describ
bed in Sectiion 4.3. Wh en FFMs arre not availaable, which iis the
case for most eventss, simulation
n procedures described in Section 4.4 are usedd to approxiimate
ult geometricc parameterrs and assocciated compuutations of closest distaance for grooundfinite-fau
motion sttations.

Figure 4.19

Schematic
S
rep
presentation
n of the fault--rupture plan
ne [Ancheta et al. 2013].
Convention
C
of
o fault strike, dip, and rak
ke follows th
hat described
d in Aki and
Richards
R
[198
80].

4.2.2 Parameter
P
Selection
S
Procedure
P
s
To the ex
xtent possible, we applied uniform procedures to define the source parrameters listted in
Section 4.2.1. Those procedurees are descrribed here ffor the casee of magnittude, hypoccenter
location, fault type,, and eventt type. The developmeent of finitee-fault paraameters—andd the
associateed computatiion of distan
nces to groun
nd-motion st ations—is aaddressed in Sections 4.33–4.4.
Table 4.1
1 lists sourcee parameterss for the 18 events highllighted in thhe regional m
maps discusssed in
Section 4.1.2.
4
Sourcee parameterss for all even
nts are proviided in the E
EventHypo taable in the N
NGASub datab
base.
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(a) Magnitude

Moment magnitude is the magnitude scale used in NGA projects, including NGA-Sub.
Whenever possible, moment magnitude is computed from seismic moment, M0 [Hanks and
Kanamori 1977] as:
M

2
log M 0  10.7
3

(4.1)

Seismic moment (M0) and/or hypocenter location was collected from the following agencies:


The Global Centroid Moment Tensor (CMT, Ekström et al. [2012])



The National Earthquake Information Center (NEIC) at the United States Geological
Survey (USGS)



The Lamont-Doherty Cooperative Seismographic Network (LD) at Columbia University



The International Seismological Centre [ISC 2019]; a “groomed” version of the ISC
catalogue was produced by Engdahl et al. [1998], and is referred to as the EHB catalogue



The Duputel et al. W phase catalog (DUPUTEL) [Duputel et al. 2012] at the University
of Strasbourg



In Alaska, the Alaska Earthquake Center (AEC), housed at the University of Alaska
Fairbanks



In Cascadia, the Pacific Northwest Seismic Network (PNSN), housed at the University of
Washington, and Natural Resources Canada (NRCAN)



In northern California, the Northern California Earthquake Data Center (NCEDC),
housed at UC Berkeley



In Chile, the Chilean National Seismological Center (CSN), also referred as GUC
(Department of Geophysics at the University of Chile)



In Taiwan, the National Center for Research on Earthquake Engineering (NCREE) and
the Broadband Array in Taiwan for Seismology (BATS)



In Japan, the National Research Institute for Earth Science and Disaster Resilience
(NIED) and the Japan Meteorological Agency (JMA)

Seismic moments from the CMT catalog were preferred when available, which was the
case for most events. Other catalogs were used when CMT estimates of M0 were not available;
Table 4.2 lists the catalogs considered by region in order of preference for the selected M0. For
eight earthquakes in Japan with FFMs and ten earthquakes in Cascadia, the seismic moment was
taken from specific studies published in the literature; see Section 4.3 for details.
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Table 4.1

Region

Example events from NGA-Sub database (highlighted in maps in Figures 4.2–4.11), showing compiled source
parameters.
Hypocenter location

NGA‐
sub
EQID

Earthquake name,
Country/State

Date

M

Latitude
(deg)

Longitude
(deg)

Depth
(km)

Event‐
Type
1
flag

FFM
2
flag

No. of
segments

L (km)

W
(km)

Ztor
(km)

Strike
(deg)

Dip
(deg)

Rake
(deg)

Source‐
review
3
flag

#
recs.

1000002

Rat Islands, Alaska

2003/11/17

7.78

51.1965

178.1844

29.7262

0

1

1

120

140.4

5.61

280.4

18.8

121.9

0

6

1000142

Iniskin, Alaska

2016/1/24

7.15

59.6531

-153.4457

129.4159

1

1

1

30

28

108.62

60

66

33

0

191

2000004

Nisqually, Washington

2001/2/28

6.8

47.1574

-122.6801

53.1749

1

1

1

24

21

46.13

350

70

-91

0

147

2000009

1815881, Oregon

2004/7/12

4.9

44.2977

-124.4869

12.82

0

0

1

3.6

3.6

12.279

353

16

75

0

92

2000011

1852721, Oregon

2004/8/19

4.7

44.6677

-124.3201

18.09

0

0

1

2.7

2.8

17.908

349

7

99

0

76

3000271

Michoacan, Mexico

1985/9/19

7.99

18.1814

-102.5691

16.2637

0

1

1

150

139

6

300

14

72

0

26

3000201

Oaxaca, Mexico

1999/9/30

7.46

16.054

-96.907

40

1

0

1

69.9

32.3

32.582

300

49

-78

0

8

ALK

CAS

CAM

JPN

4000001

Tohoku, Japan

2011/3/11

9.12

38.1165

142.823

17.4965

0

1

3

482

186

8.65

200

12

88

0

1293

4000219

Sea of Okhotsk, Russia

2013/5/24

8.36

54.8172

153.3558

608.1717

1

1

1

195

70

601

184

10

-98

0

48

4000093

Hokkaido Tohu-oki, Japan

1994/10/4

8.28

43.711

147.457

27.459

1

1

1

60

70

18.1

160

40

30

0

30

5000179

Fiordland, New Zealand

2009/7/15

7.81

-45.8339

166.6363

20.9

0

1

1

100.23

100.23

8.76

27

33

154

-999

27

5000013

Te Anau, New Zealand

1988/6/3

6.69

-45.1

167.17

60

1

0

1

25

55

32.57

310

86

118

-999

3

6000149

Maule, Chile

2010/2/27

8.81

-36.2089

-72.9587

30.4055

0

1

1

480

160

0.74

15

18

109.3

2

49

6000323

Valparaiso, Chile

1985/3/3

7.98

-33.125

-71.61

40

0

1

2

222

135

6.4

5

20.4

97.2

0

27

6000061

Tarapaca, Chile

2005/6/13

7.78

-20.03

-69.28

110

1

1

1

47.5

45

101.21

187

23

-73

0

30

7000044

Offshore Hualien, Taiwan

2002/3/31

7.12

24.1602

122.172

33

0

1

1

33

32

21.34

292

32

121

0

426

7000048

Offshore Pingtung, Taiwan

2006/12/26

7.02

21.88703

120.56844

44.1

1

1

1

89.9

35

24.13

349

53

-54

0

458

7000045

7418598, Taiwan

2004/10/15

6.59

24.470833

122.777833

88.02

1

0

1

18.7

23.5

84.756

200

17

6

0

439

NZL

SAM

TWN

1

Intra/Inter flag’ is defined in section 4.2.2d and refers to the event-type (interface, intraslab, shallow crustal, outer-rise).
‘FFM flag’ indicates if the event has an available FFM in the database as described in Section 4.3 (0 = event without FFM, 1 = event with FFM).
3
Source review flag’ is defined in Section 4.6 and refers to the QA procedure applied to review the source parameters of each event.
2
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The seismic moment is not available for some events. This is most frequently the case for
older events (pre-1976 when the CMT catalog began) and events of small magnitude. In the
NGA-Sub source database, 96% of M>6 events and 79% of M<6 events are based on seismic
moment (considering only earthquakes with an event-type classification). For those events
without a reported M0 value, linear relationships between different magnitude scales were
utilized to estimate M. Alternate magnitude scales used in these relationships include local
magnitude (ML), surface-wave magnitudes (MS), and body-wave magnitude (mb).
Table 4.2

Earthquake catalogs and published studies used to assign seismic moment.
Region

Catalog

No. of events

Alaska

CMT
ISC
NEIC
IDC

128
7
2
1

Cascadia

Adopted from NGA-West2
NEIC
CMT
Ichinose et al. [2006b]
Oppenheimer et al. [1993]
NRCAN
Williams et al. [2011]
PNSN
Ichinose et al. [2004]
Ichinose et al. [2006°]

13
6
3
3
3
2
2
1
1
1

Central America and Mexico

CMT
NEIC

79
1

Japan

CMT
NIED
LD
Abe [1975]
Hatanaka & Takeo [1989]
Kanamori [1971]
Kikuchi & Fukao [1987]
Shiba & Uetake [2011]
Takeo & Mikami [1990]
Yagi et al. [1998]
Yoshioka & Abe [1976]

142
10
1
1
1
1
1
1
1
1
1

South America

CMT

213

Taiwan

CMT
NIED/BATS
BATS
DUPUTEL
NEIC
LD

34
15
8
4
3
1
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For Chilean earthquakes, alternate magnitude
m
sccales were oobtained froom the CSN
N. We
a adjusted version of the relations developed by Bastías aand Montalvva [2016] foor ML
applied an
and by Leyton
L
et al. [2009] for MS and mb. These
T
relationns, shown inn the followiing equationns and
presented
d in Figures 4.20 and 4.21, weree developedd using onlyy informatioon from Chhilean
earthquak
kes. These correlations were develloped for M W whereas we use M; accordinglyy, we
increase intercept terrms by 0.033
3.
Z hyyp  50 km : M  0.915M L  0.524 (  0.26)

(4.2)*

Z hyyp  50 km : M  0.847 M L  0.727 (  0.25)

((4.3)*

M  0.887MS  1.095

((4.4)**

M  1.173mb  0.634

(44.5)**

(a)

Figure 4.20

*

(b)

MW-ML relationships from Bastías and
d Montalva [2
2016]: (a) Equ
uation (4.1)
fo
or shallow-fo
ocus earthqu
uakes (H ≤ 50
0 km); and (b
b) Equation (4.2) for
deep-focus ea
arthquakes (H
( > 50 km). W
We use a slightly modifie
ed form of
th
he relation (s
shifted up 0.0
033 to reflectt M).

Modified
d from Bastías and
a Montalva [2016].
Modified
d from Leyton et al. [2009].

**
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(a)

Figure 4.21

(b)

MS-MW and MS-mb relation
ns from Leyto
on et al. [200
09]: (a) Equattion (4.3);
and (b) original MS-mb rela
ation reporte
ed by the autthors. We us
se a slightly
modified
m
form
m of the MS-m
mb relation (s
shifted up 0.0
033 to reflectt M).

For New Zeaaland events,, we adopted
d source tablles from Vann Houtte et al. [2017]. T
These
nclude seism
mic moment; therefore, conversionss from otheer magnitudde scales aree not
tables in
required. For otherr regions, th
he followin
ng procedurres were appplied to eestimate mooment
magnitud
des:
1. M is deriv
ved from oth
her magnitu
ude types eithher by takinng the magniitude estimatte asis or by using relatiionships bettween M annd other maagnitude scaales. In ordder of
preference, the selecttion criterion
n uses MS, tthen ML, theen mb; thesee preferencees are
intended to
t minimize the potentiaal for saturattion bias (i.ee., to use thee scale that ttracks
M over th
he widest po
ossible rang
ge). MS has tthe least satturation becaause it is deerived
from 20--sec period surface waaves. ML is derived frrom the peaak of horizzontal
displacem
ments from broadband
b
seensors (whicch are controolled by low
wer periods). mb is
based on 1-sec P-wav
ves and geneerally is mea sured from tthe vertical ccomponent;
2. Alaska: Eight
E
events that occurrred in 20001, 2002, 20003, and 20014 lack seismic
moments.. These even
nts collectiveely have onlly 14 recorddings. For thhese events, M is
taken as MS, mb, and ML for 6, 1, and
a 1 event,, respectivelyy;
3. Cascadia
a: No events lack seismicc moment;
4. Central America
A
an
nd Mexico: Two
T
events lack seismicc moment. M is taken aas Mw
from NEIIC for one ev
vent, and M is taken as M S for the otther event;
5. Japan: A set of 25 earthquakes
e
prior to 19774 lack seism
mic momentt. Due to vaarious
problems with the reccordings from
m these evennts, the sourrce database does not include
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information for these events. In addition, two aftershocks of the 2003 Tokachi-oki
earthquake (events 4000199 and 4000200) lack seismic moment because they
occurred just after the large magnitude event; for event 4000199 we take M as ML and
for event 4000200 we take M as MS;
6. South America: Ten events lack seismic moment. M is taken as Mw from CSN for
four events, M–ML relations [Equations (4.2) and (4.3)] are applied to four events,
and the M–MS relation [Equation (4.4)] is applied to two events; and
7. Taiwan: 10 events prior to 2000 lack seismic moments, mostly because in this period
the Broadband Array in Taiwan for Seismology (BATS) did not routinely compute
M0 for events with magnitudes < 6.2. These events have produced 928 records. For
these events, M is taken as mb, and ML for 8 and 2 events, respectively.
(b) Hypocenter location

Hypocenter locations incorporated into selected FFMs were used when available; in most cases
the hypocenter is on the ruptured fault plane. In some cases, the hypocenter documented in the
FFM paper is not on the fault plane. In those cases, the hypocenter was projected on to the faultrupture plane (the projection was made in the direction orthogonal to the plane).
When FFMs were not available, which is the case for most events, hypocenter locations
were obtained from the different catalogues listed in Section 4.2.2(a). The preferred catalogues
for location assignments differed from those used for magnitudes. Table 4.3 lists catalogues in
the order of preference for each region. For New Zealand, this information is provided in Van
Houtte et al. [2017] and is not shown in Table 4.3.
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Table 4.3

Earthquake catalogs and published studies used to assign hypocenter locations.
Region

Alaska

Central America and
Mexico

Cascadia
No.
of
events

Japan

No.
of
events

CMT

117

Adopted from NGA-West2

13

EHB

56

JMA

115

CSN

107

ISC

10

ISC

12

ISC

23

JMA / Bai et al. [2014]*

16

EHB

69

NEIC

8

Oppenheimer et al. [1993]

3

CMT

1

NEIC

5

ISC

31

IDC

2

Williams et al. [2011]

2

Mendoza and Hartzell [1989]

1

ISC

2

NEIC

3

AEC

1

NRCAN

2

Mendoza [1993]

1

CMT

2

Delouis et al. [2010]

1

PNSN

1

SEVO [1996]

2

Lay et al. [2010)

1

Ichinose et al. [2004]

1

NIED

1

Melgar et al. [2016]

1

Ichinose et al. [2006(a)]

1

JMA / EIC [2003]

1

Lay et al. [2014]

1

JMA / Ref. 135.1

1

Shao and Ji (n.d.]

1

Yagi [2004]

2

Sladen [2007]

1

Shiba and Uetake [2011]

1

Mendoza et al. [1994]

1

Yagi et al. [1998]

1

Hayes [2016]

1

Nagai et al. [2001]

1

Kuge et al. [2010]

1

Abe [1975]

1

Lay et al. [2014]

1

Takeo and Mikami [1990]

1

Schurr et al. [2012]

1

Namegaya and Tsuji [2005]

1

Salichon et al. [2003]

1

Yamanaka and Kikuchi [2004]

1

Catalogue

No.
of
events

Taiwan

Catalogue

Catalogue

No.
of
events

South America

Catalogue

* for aftershocks of the 2011 Tohoku earthquake.
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Tsuchida et al. [1983]

1

Takiguchi et al. [2011]

1

Fukuyama and Irikura [1986]

1

Tanioka et al. [1995]

1

Nakayama and Takeo [1997]

1

Koketsu et al. [2004]

1

Atkinson and Macias [2009]

1

Yamanaka [2005]

1

JMA [2012(b)]

1

JMA [2012(c)]

1

No.
of
events

Catalogue

Catalogue
NCREE

No.
of
events
75

(c) Fault type

The style of faulting was defined based on the rake angle as shown in Table 4.4. The rake angle
was compiled for all events with moment tensor solutions from earthquake catalogs; see Tables
4.2 and 4.3. When a rake angle is provided with a FFM (Section 4.3), it is preferred to values
from catalogs.
Table 4.4

Fault mechanism based on rake angle (after Ancheta et al. [2013]).
Fault mechanism

Flag

Strike-slip

0

Range of rake angle (°)
-180 <  < -150
-30 <  < 30
150 < < 180

Normal

1

-120 <  < -60

Reverse

2

60 <  < 120

Reverse–oblique

3

Normal–oblique

4

Unknown

-999

30 <  < 60
120 <  < 150
-150 <  < -120
-60 <  < -30
Unknown

(d) Event type

When event type (interface, intraslab, shallow crustal, and outer-rise) is defined in literature
(typically the same documents that have FFMs), we adopted the event-type classification from
those prior studies. For events without a prior event-type classification, we applied an automated
process to identify earthquake type. This process considers the location of the hypocenter relative
to the depth of the surface of the subducting (typically oceanic) plate as defined by Hayes et al.
[2012]. Also considered is the event focal mechanism. Exceptions to the use of these automated
procedures are Taiwan and New Zealand; in Taiwan we used event-type classifications from
NCREE, and for New Zealand we used event-type classifications from Van Houtte et al. [2017].
Figure 4.22 shows an example for Event 6000055 in Chile that illustrates the procedure.
The blue solid line is the geometry of the top surface of the subducting Nazca plate and the
dashed lines represent the estimated error of the Hayes et al. [2012] model (±10 km). Three
regions are defined:


Region A: depth to top of subducting plate, using the mean representation, is
< 10 km;



Region B: 10 km ≤ depth to top of subducting plate ≤ ZBC; and



Region C: depth to top of subducting plate > ZBC.

Depth ZBC is the mean depth to the top of subducting slab at the maximum depth of interface
earthquakes and is region-dependent (50 km in ALK and CAM, 55 km in JPN and SAM; Hayes
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et al. [2012]; Tichelaar and Ruff [1993]). Depth ZBC defines the boundary between Zones B and
C.
These three regions and the plate boundary are used to define several zones as follows:


Shallow depths, above the shallowest interpretation of the subducting plate
depth (mean – standard deviation depth), or 20 km in region B, or 30 km
in region C, whichever is shallower. Marked in green and taken as shallow
crustal;



Region B, below the shallowest interpretation of the subducting plate
depth or 20 km, whichever is shallower, and above 60 km. Marked in light
blue and taken as interface;



Region C, below the shallowest interpretation of the subducting plate
depth, as well as depths > 60 km in Regions A-B. Marked in gray and
taken as intraslab;



Region A, depths < 60 km. Marked in yellow and taken as outer rise; and



Region C, below 30 km and above 60 km. It taken as undetermined.

For Event 6000055 in Figure 4.22, the location is in Zone 2 and the event type is classified as
interface.
Following these assignments, event types are checked using moment tensor solutions.
Interface earthquakes should have a reverse mechanism. If an event near the interface is not
reverse, we assign a shallow crustal designation. Intraslab earthquakes are typically normal or
strike slip. Event type is reported in the source database using flags as defined in Table 4.5. Lowconfidence flags are assigned when (1) nodal planes are not available to check event-type
assignments; (2) event locations are near the boundaries between regions; and (3) moment
tensors are incompatible with the region (e.g., normal faulting in an interface region). Procedures
similar to these have been described previously by Poblete [2008] and Contreras [2009].
Table 4.5

Flags in source database that indicate event-type classification.
Event-type classification

Flag

Interface

0

Intraslab

1

Shallow crustal / overriding intraplate

2

Outer-rise

4

Intraslab, specially lower double seismic zone

5

Outer-rise event with lower confidence

-444

Shallow crustal / overriding events with lower confidence

-666

Intraslab events with lower confidence

-777

Interface events with lower confidence

-888

Unknown

-999
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NGAs
subEQID = 600
00055 Event-ttype: Interface
e

Figure 4.22

4.3

Event-type
E
cla
assification scheme
s
base
ed on hypoc
center locatio
on relative to
o
th
he top of the surface of the subductin
ng plate. Exa
ample event is
NGAsubEQID
N
D 6000055, wh
hich is defin ed as interfa
ace.

SOURCE
S
PA
ARAMETE
ERS FOR EVENTS WIITH FINITE
E-FAULT M
MODELS

Some of the parametters compiled for the NG
GA-Sub sourrce databasee describe atttributes of oone or
more recctangles, wh
hich represen
nt the appro
oximate surfface over whhich fault sllip occurredd in a
given eveent. The prin
nciple need for these parrameters is ffor the calcuulation of disstances measured
from a reecording sitee to a fault su
urface, inclu
uding rupturee distance Rrrup (the closeest distance tto the
fault surfface) and Jo
oyner-Boore distance RJB (the closesst distance tto the surfacce projectionn of a
fault). While
W
not useed in NGA-S
Sub GMMs, other appliccations incluude definingg parameters used
to derive hanging waall effects and rupture dirrectivity effeects for dippping faults.
The
T parameteers listed in Section
S
4.2.1 that are deerived from F
FFMs includde location oof the
plane’s upper
u
left co
orner as vieewed from the
t hanging wall (geoddetic coordinnates and deepth),
plane dim
mensions, an
nd rake ang
gle. This secction describbes how FFMs from thhe literature were
identified
d and (in mo
ost cases) modified
m
for application in NGA-Subb. Section 44.4 describess how
these parrameters werre derived fo
or earthquakees without F
FFMs.
In
nformation derived
d
from
m FFMs is contained iin the FFm
model table iin the NGA
A-Sub
database.. In the casee of events fo
or which thee FFM incluudes more thhan one segm
ment, inform
mation
on specific planes within
w
the model
m
are contained
c
inn the FFmoddelmultiseg table. For those
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events, the finite fault parameters in the FFmodel table are for a single planar representation of
the full model (needed for when single values of L and W are required for modeling purposes,
e.g., for studies of directivity).
4.3.1 Finite-Fault Models Collected
We identified FFMs mainly by reviewing compilations of past studies in the literature presented
at the following websites:


SRCMOD website [Mai and Thingbaijam 2014], available at
http://equake-rc.info/SRCMOD/ (last accessed November 2019);



Source Models of Large Earthquakes, Caltech Tectonic Observatory,
available at http://www.tectonics.caltech.edu/slip_history/index.html (last
accessed November 2019); and



Rupture processes of global large earthquakes (M > 7), UC Santa Barbara,
available at
http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/home.html (last
accessed November 2019).

We also performed independent literature searches for the largest magnitude events (2010 M8.81
Maule, Chile, and 2011 M9.12 Tohoku, Japan) and other recent, large events, some of which
occurred contemporaneously with the data compilation for NGA-Sub (e.g., the 2001 M8.41
Arequipa earthquake in Southern Peru and the 2007 M7.75 Tocopilla, 2014 M8.15 Iquique, and
2015 M8.31 Illapel earthquakes in Chile).
Table 4.6 lists the FFMs used in NGA-Sub for 88 earthquakes. For some earthquakes,
more than one FFM is available in the literature; Section 4.3.2 describes how a preferred model
was selected in these cases. In many cases, the fault dimensions in the literature were trimmed to
develop the values shown in Table 4.6; Section 4.3.3 presents the procedures used to perform
this trimming. Section 4.3.4 discusses special considerations related to multi-segment models.
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Table 4.6
NGA
Sub
EQID

FFMs selected for use in NGA-Sub database.
1

Date

Earthquake name,
Country/State

M

FFM
reference

Lat.
(°)

Lon.
(°)

3

Nodal plane

Depth
(km)

Rupture
dimensions
L
W
(km)
(km)

Slip
(cm)

2

Hypocenter location







(°)

(°)

(°)

200

12

M

T

3500

NO

Lat.
(°)

Upper-left
corner
Lon.
(°)

ZTOR
(km)

Event
Class.
4
Flag

Japan (JPN) – 63 events
5

4000001

3/11/2011

Tohoku, Japan

9.12

Yokota et al. [2011]

38.1165

142.823

17.4965

88

20

482

63

39.5163

144.4071

8.65

482

62

39.7144

143.7911

13.9

482

61

39.9103

143.1683

26.4

0

4000219

5/24/2013

Okhotsk, Russia

8.36

Ye et al. [2013]

54.8172

153.3558

608.1717

184

10

-98

990

220

195

70

55.4265

154.0676

601

1

4000222

11/15/2006

Kuril Doublet1

8.33

Ammon et al. [2008]

46.592

153.266

11

215

15

92

700

NO

310

130

48.1243

155.5177

0

0

4000068

9/25/2003

Tokachi-oki

8.29

Koketsu et al. [2004]

41.7796

144.0786

25.0101

230

20

90

706

NO

120

100

42.1796

144.8114

23.3

0

4000093

10/4/1994

Hokkaido Toho-oki

8.28

Tanioka et al. [1995]

43.711

147.457

27.459

160

40

30

1680

NO

60

70

43.8256

147.5468

18.1

1

4000095

5/16/1968

Tokachi-oki

8.26

Nagai et al. [2001]

40.6184

143.6866

7.851

156

20

90

929

NO

200

80

41.6671

143.1441

5.58

0

4000223

1/13/2007

Kuril Doublet2

8.13

Ammon et al. [2008]

46.229

154.5457

20.6325

43

59

-115

1400

200

235

55

45.6304

153.5358

0

4

4000010

3/11/2011

IbarakiOff

7.92

JMA [2011]

36.1037

141.2473

32.3653

200

29

90

488

NO

90

90

36.2174

141.8235

7.8

0

4000220

5/30/2015

Chichi-shima

7.89

JMA [2015]

27.8713

140.7021

627.5655

32

25

-44

656

98

36

40

27.8226

140.3958

617

1

100

80

40.9315

144.05

8

4000094

12/28/1994

Sanriku-ho

7.76

Nakayama & Takeo [1997]

40.4365

143.7558

10.6174

180

16

90

495

74

90

10

40.9315

143.1

16.36

90

80

40.9315

142.9734

19.45

70
70
30
30
70

42.355
41.4618
40.2998
40.5607
38.6003

138.6511
138.9642
138.9469
139.0387
142.4336

5
2
5
5
35.28

6
30
42.7814

139.2002

Fukuyama & Irikura [1986]

40.3583

139.0708

8.0782

Yamanaka & Kikuchi [2004]

38.1496

142.1672

36.9798

20
340
15
350
200

38.3672

139.2182

24.7595

200

42.8903

144.4208

107.1658

256

7.57

Shiba & Uetake [2011]
Ide & Takeo [1996]
Nozu [2007]
Yagi et al. [1998]

32.2798

132.5302

14.9961

227

7.41
7.40

Yagi [2004]
JMA [2011]

33.235
39.8339

137.0304
142.6992

12.6998
32.0373

85
187

Nemuro-oki

7.40

Namegaya & Tsuji [2005]

42.9571

145.9611

33.4149

230

Tokachiokiaft

7.37

Atkinson & Macias [2009]

41.7534

143.6114

44.8185

208

3/9/2011
10/9/1994

Tohoku foreshock
Hokkaido.Eastoff.as

7.36
7.28

JMA [2011]
Ye et al. [2016]

38.301
43.9124

143.221
147.9175

18.0334
33.2881

4000054

12/7/2012

Miyagi-oki

7.23

JMA [2012]

38.0216

143.8381

21.0373

4000073
4000078
4000035
4000111
4000167
4000042

9/5/2004

Ki_se

7.23

Yagi [2004]

33.0904

136.619

8/16/2005
4/7/2011

Miyagi-Eq
Miyagi_Pre.Off

7.22
7.15

Yamanaka [2005]
JMA [2011]

38.1438
38.253

142.2324
141.9645

6/12/1968

Iwate-oki

7.11

Yoshioka & Abe [1976]

39.3549

8/9/2009

TokaidoSouth

7.09

ERI [2009]

33.1017

7/10/2011

Sanrikuoki

7.03

JMA [2011]

38.0338

4000091

7/12/1993

Hokkaido_sw

7.74

4000097

5/26/1983

Middle.Japan.Sea

7.74

4000096
4000173

6/12/1978

Miyagi-oki

7.65

6/16/1964

Niigata

7.65

4000092

1/15/1993

Kushiro-oki

7.59

4000108
4000074
4000009
4000132
4000069
4000002
4000102

4/1/1968

Hyuganada

9/5/2004
3/11/2011

Ki_se
Iwate_off

6/17/1973
9/25/2003

Mendoza & Fukuyama [1996]

0

29.8

100
50

436

NO

20

90

758

NO

20

95

211

NO

110
80
30
60
80

60

90

880

NO

84

24

38.6882

139.5023

5.7

2

0.5

-36

800

NO

60

40

42.748

144.6072

107

1

12

90

403

60

63

63

32.2729

132.8647

10.32

0

40
10

90
74

390
346

110
NO

108
45

21.3
50

33.242
40.0155

136.3208
142.9985

7.1
28

-444
0

27

111

120

NO

90

100

42.8375

146.9804

1

0

18

86

N/A

N/A

60

24

41.9021

143.7943

43

0

11
19
61
44
42

75
104.6
82
-100
105

222
270

78
50

908

136

510

150

70
50
24
75
54

70
50
24
40
30

38.7201
43.936
37.9492
38.2722
32.9064

143.5146
148.3136
144.1553
144.0363
136.9093

14.2
26.5
41
8.2
4.6

0
0

18.4711

187
227
174
188
280

-444

39.5357
66.4296

198
24

25
37

76
87

90
250

30
51

25
45

20
35

38.2335
38.1898

142.3349
141.6554

37
50

0
1

143.0977

29.0773

241

30

90

N/A

N/A

80

30

39.4374

143.8059

16.7

0

138.4143

334.2059

105

25

-176

140

40

50

30

33.2104

138.0448

332.9

1

143.51

34.3521

67

74

7

117

NO

100

30

37.9547

143.1135

14.8

-777

20.015

1

2

0
0
0

-777

Hypocenter location is not necessarily exactly the same as in the FFM. Many times it was adjusted to make it consistent with the trimmed FFM, = strike,  = dip, = rake, M = maximum, T = trimmed. N/A = Slip values are not
4
reported (only relative distribution). The model is already trimmed using approx. 15‐20% of maximum slip as limit. NO = no trimming was applied, and Event classification defined in Table 4.5.
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Table 4.6
NGA
Sub
EQID

FFMs selected for use in NGA-Sub database.
1

Date

Earthquake name,
Country/State

M

FFM
reference

3

Rupture
dimensions
L
W
(km)
(km)

Slip
(cm)

2

Hypocenter location

Nodal plane

Lat.
(°)

Lon.
(°)

Depth
(km)







(°)

(°)

(°)

M

T

Lat.
(°)

Upper-left
corner
Lon.
(°)

ZTOR
(km)

Event
Class.
4
Flag
1

5/26/2003

SouthSanriku

7.03

Okada & Hasegawa [2003]

38.9471

141.6793

65.2354

198

60

92

300

60

24

20

38.9436

141.7217

59

7/23/1982

Ibaraki-oki

7.03

Takiguchi et al. [2011]

36.2699

141.65

29.9684

203

14

86

660

NO

11.4

11.4

36.2958

141.7642

27.9

0

11/28/2004

Kushirooki

7.01

HERP [2006]

42.9533

145.2529

51.0142

211

24

81

400

150

25

25

42.9775

145.4365

45.93

0

11/14/2005
10/31/2003

Sanriku
Fukushima-oki

7.01
7.00

JMA [2005]
EIC [2003]

38.0255
37.7175

144.927
142.7453

8.0399
30.8572

173
204

49
14

-118
92

140
60

NO
20

56
80

22
76

38.3626
38.0882

144.9447
143.4563

1
20.8

4
0

3/14/2012

Sanrikuoki

6.98

JMA [2012]

40.7922

145.2319

15.2067

276

42

-81

367

NO

31

24.5

40.7016

145.2839

6.6

4

3/21/1982

S.Urakawa

6.91

Tsuchida [1983]

42.1079

142.6131

12.5433

320

65

90

60

NO

30

40

42.0466

142.5898

0

-666

1/28/2000

NemuroSE

6.83

Takahashi & Hirata [2003]

43.2973

147.0443

67.4

N/A

N/A

6.83

Kakehi [2004]

34.1298

132.7025

45.8808

110

240

NO

4000049

1/1/2012

Torishima

6.82

JMA [2012]

31.4268

138.5691

364.9843

NO

7/23/2008

Middle Iwate

6.82

Suzuki et al. [2009]

39.739

141.6665

114.8789

240

50

4000225
4000161
4000041
4000165
4000048

9/11/2008

Toakchi-oki

6.80

JMA [2008]

41.7792

144.1493

30.6548

-73
-93
-107
108

103

4000224

160

NO

30
15
3
3
9
31
14
16
36

15
18
18
18
18
25
35
35
31

43.4429
34.1744
34.0375
34.0075
33.9779
31.3563
39.6856
39.872
41.8064

147.0521
132.7258
132.7511
132.7489
132.7385
138.5537
141.7613
141.7623
144.4086

63.1
40
40
40
40
357.6
94.2
93.3
26

1

Geiyo

35
60
63
67
70
84
71
65
21

15

3/24/2001

160
170
177
183
190
5
179
223
228

12/6/2004

KushiroAs

6.77

HERP [2006]

42.8463

145.3371

45.9837

222

26

90

200

50

20

20

42.859

145.5011

41.6

0

6/22/2011
10/19/1996

Iwateoff
Hyuganada

6.76
6.74

JMA [2011]
Yagi et al. [1999]

39.9678
31.7808

142.5565
131.8515

36.7789
3.3449

185
210

17
12

74
80

86
290

17
NO

18.25
32.12

12
29.2

40.0639
31.9065

142.5974
132.0591

36
1.22

0
0

9/16/2011

Iwate-oki

6.70

JMA [2011]

40.2604

143.0867

24.8842

17

57

94

NO

4/11/2011

Hamadori

6.69

Anderson et al. [2013]

36.9597

140.726

4.2147

66

-75

172

NO

4000166

12/2/1996

Hyuganada2

6.69

Yagi et al. [1999]

31.9197

131.5977

5.1662

4000100

12/17/1987

ChibaEastoff

6.53

Fukuyama [1991]

35.4012

140.5014

50.4243

4000070
4000119
4000045
4000043
4000044
4000014
4000047
4000038
4000082
4000218
4000112
4000022
4000046
4000037
4000024

9/29/2003

Tokachias

6.47

Atkinson & Macias [2009]

42.3041

144.579

35.5

12
85
90
17

80
180
0
114

140
N/A
N/A
N/A

NO
NO
NO
N/A

36
23
15
29.2
16
6.4
19

37
20
15
29.2
24
8
10

40.4121
36.9492
36.9864
31.9159
35.3556
35.3483
42.3029

143.3957
140.7081
140.829
131.8221
140.4907
140.4069
144.7082

16.23
0
0
1.22
28.5
45
34

0

4000036

172
342
308
210
349
79
244

0

9/9/1969
7/30/2011

Gifu
Fukushimaoki

6.43
6.40

Takeo & Mikami [1990]
JMA [2011]

35.47
36.852

137.05
141.3085

2
56.9556

333
21

89.9
39

180
93

170
205

NO
31

20
14

11.2
18

35.3899
36.8429

137.1001
141.1918

0.6
49.4

2
1

7/23/2011

Miyagi-oki

6.37

JMA [2011]

38.8743

142.0966

39.9204

173

26

62

53

8

15

15

38.9722

142.1837

35.62

0

7/24/2011

Fukushimaoki

6.34

JMA [2011]

37.7479

141.4771

51.2429

200

22

88

51

8

24

24

37.7474

141.6788

44.5

0

3/11/2011
8/19/2011

NorthNagano
Fukushima-oki

6.33
6.32

Nagumo [2012]
JMA [2011]

36.9883
37.6415

138.5921
141.7811

9.3111
50.96

26
190

32
53

80
92

100
117

NO
NO

12
14

10
15

37.0028
37.7

138.5025
141.8146

4.4
48.6

2
1

4/11/2011

ChibaEastoff

6.25

HERP [2011]

35.4786

140.8657

26.4153

299

75

162

78

N/A

20

10

35.3986

141.0067

20.5

1

8/10/2009

Suruga-bay

6.20

GSI [2009]

34.8406

138.4434

19.2

309

38

122

77

N/A

16.7

5.6

34.7779

138.4993

17.5

1

11/24/2011
7/1/1968

UrakawaOff
Saitama

6.19
6.10

JMA [2011]
Abe [1975]

41.7457
36.072

142.8422
139.3972

43.0034
52

223
6

16
30

103
90

132
N/A

17
N/A

16
6

14
10

41.7644
36.0534

142.9922
139.2979

40.8
47

0
0

3/15/2011

ShizuokaEast

6.00

JMA [2011]

35.3354

138.7148

14.1

31

80

42

110

NO

12

7

35.2915

138.6758

11.1

2

8/1/2011

Surugawan

5.98

JMA [2011]

34.7054

138.5393

21.3002

284

31

99

150

33

10

8

34.6431

138.6105

18.21

-444

4/12/2011
3/19/2011

Nakadori
NorthIbaraki

5.97
5.86

JMA [2011]
JMA [2011]

37.0497
36.7729

140.6217
140.6166

18.3625
3.5106

170
150

40
45

58
-81

248
28

NO
7

12
14

6
8.4

37.0904
36.8353

140.6522
140.5938

15.47
1.8

2
2

4000067
4000146
4000077
4000162
4000072
4000050
4000145
4000059
4000063

1

2

1
1
5
0

2
0
1

= strike,  = dip, = rake, M = maximum, T = trimmed. N/A = Slip values are not
4
reported (only relative distribution). The model is already trimmed using approx. 15‐20% of maximum slip as limit. NO = no trimming was applied, and Event classification defined in Table 4.5.
Hypocenter location is not necessarily exactly the same as in the FFM. Many times it was adjusted to make it consistent with the trimmed FFM,
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Table 4.6
NGA
Sub
EQID

FFMs selected for use in NGA-Sub database.
1

Date

Earthquake name,
Country/State

M

FFM
reference

Lat.
(°)

Lon.
(°)

3

Slip
(cm)

2

Hypocenter location

Nodal plane

Depth
(km)







(°)

(°)

(°)

6000149
6000057

2/27/2010

Maule, Chile

8.81

Delouis et al. [2010]

South America (SAM) – 13 events
-36.2089
-72.9587
30.4055
15

6/23/2001

Arequipa, Peru

8.41

Lay et al. [2010]

-16.2081

-73.6217

28.7746

310

6000338

9/16/2015

Illapel, Chile

8.31

Melgar et al. [2016]

-31.5571

-71.6617

29.81

3.7

M

T

Rupture
dimensions
L
W
(km)
(km)

Lat.
(°)

Upper-left
corner
Lon.
(°)

ZTOR
(km)

Event
Class.
4
Flag

18

109.3

2129

319

480

160

-37.8975

-74.5879

0.74

0

62

N/A

N/A

1070

161

106

670

101

97

387

58

59.5

986

148

90
110

329

49

145
50
38
55
105
91
52
20
70
90
75
60

-18.1423
-32.1337
-31.6236
-31.9598
-20.3526
-24.9529
-24.3340
-14.5955
-14.4809
-14.0844
-34.6044
-34.1236

-72.4881
-72.6568
-72.0986
-71.7436
-71.0105
-71.4113
-70.5128
-76.5687
-76.4289
-75.9724
-72.8109
-71.9781

0.24
7.4
16.51
27.62
12.20
9.10
37.21
5.53
7.25
31.05
6.4
25.81

0

109

264
240
140
130
157.5
180
150
144
144
144
255
180

6000079

4/1/2014

Iquique, Chile

8.15

Lay et al. [2014]

-19.6420

-70.8173

20.1125

357

18
10.5
17.0
23.5
18

6000081

7/30/1995

Antofagasta, Chile

8.02

Shao and Ji (n.d.)

-23.4317

-70.4542

36.86

4

18
6
20
30
15
30

0
0
0

6000272

8/15/2007

Pisco, Peru

8.00

Sladen [2007]

-13.3247

-76.5154

38.55

318

0

6000323

3/3/1985

Valparaiso, Chile

7.98

Mendoza et al. [1994]

-33.125

-71.610

40.0

5

7.82

Hayes [2016]

0.2988

-79.9979

19.0058

29

15

114

397

60

168

155

-0.0722

-80.9329

0.00

0

7.78

Kuge et al. [2010]

-20.03

-69.28

110.0

187

23

-73

>1000

200

47.5

45

-19.8048

-69.0515

101.21

1

0

6000339

4/16/2016

6000061
6000080
6000095
6000050
6000055

6/13/2005

Coastal Ecuador,
Ecuador
Tarapaca, Chile

4/3/2014

Iquique afs., Chile

7.76

Lay et al. [2014]

-20.5165

-70.4689

25.6509

357

18

113.6

279

42

90

90

-20.9471

-70.8842

10.8

0

Tocopilla, Chile
Nazca, Peru

7.75
7.74

Schurr et al. [2012]
Salichon et al. [2003]

-22.3421
-15.0056

-70.0235
-75.6422

49.844
31.7612

3
307

20
30

98
47

258
437

39
66

180
180

60
120

-23.2348
-16.1123

-70.5310
-74.7536

32.78
8.00

0
0

Arequipa afs., Peru

7.64

Kikuchi & Yamada [2001]

-17.543

315

16

64

450

68

80

80

-18.0399

-72.0691

9.00

0

11/14/2007
11/12/1996

2000004
2000001
2000002
2000014

2/18/2001

Nisqually, Washington

6.80

Ichinose et al. [2004]

47.1574

-72.077
20.0
Cascadia (CAS) – 4 events
-122.6801
53.1749

350

70

-91

200

30

24

21

47.0337

-122.6825

46.13

1

4/13/1949

Olympia, Washington

6.70

Ichinose et al. [2006(a)]

47.2028

-122.9315

57.1527

0

66

-111

166

25

34

28

47.0371

-122.9907

47.1

1

4/29/1965

Olympia, Washington

6.62

Ichinose et al. [2004]

47.3714

-122.3060

59.9797

344

70

-90

200

30

20

18

47.2876

-122.3037

53.4

1

1/10/2010

Ferndale, California

6.55

Pitarka et al. [2013]

40.6548

230

86

11

120

N/A

25

14

40.7259

-124.5766

18

1

1000001
1000002
1000142

6/23/2014
11/17/2003

Aleutian_Isl-Alaska
Rat_Islands-Alaska

7.96
7.78

USGS [2014]
USGS [2003]

51.6928
51.1965

-124.6933
21.6881
Alaska (ALK) – 3 events
178.8871
103.7969
178.1844
29.7262

206
280.4

25
18.8

-13
121.9

789
184

NO
28

80
120

130
140.4

51.8207
50.4649

179.8826
178.8753

77.92
5.61

1
0

1/24/2016

Iniskin

7.15

USGS [2016]

59.6531

60

66

33

302

45

30

28

59.6912

-153.644

108.62

1

7000044
7000048
7000049
3000271
3000272

7/7/2001

3/31/2002

2944860

7.12

Lee [2019]

24.16020

-153.4457
129.4159
Taiwan (TWN) – 3 events
122.17200
33.0

12/26/2006

Pingtung.Doublet1

7.02

Lee et al. [2008]

21.88703

120.56844

12/26/2006

Pingtung.Doublet2

6.94

Lee et al. [2008]

55

9/19/1985

Michoacan, Mexico

7.99

Mendoza & Hartzell [1989]

22.02975
120.40508
33.8
151
Central America and Mexico (CAM) – 2 events
18.1814
-102.5691
16.2637
300

14

72

749

112.4

150

139

17.2996

-101.7377

6.0

0

9/21/1985

Zihuatanejo, Mexico

7.56

Mendoza [1993]

17.5977

14

100

209

31.4

67.5

67.5

17.1640

-101.6485

12.0

0

44.1

-101.8192

20.1586

1

292

32

121

462.4

<100

33

32

23.9104

122.3585

21.34

0

349

53

-54

319

48

89.9

35

21.376

120.527

24.13

1

4

260

39

84.9

35

22.29

120.313

25.61

1

300

Hypocenter location is not necessarily exactly the same as in the FFM. Many times it was adjusted to make it consistent with the trimmed FFM, 2 = strike,  = dip,  = rake, 3 M = maximum, T = trimmed. N/A = Slip values are not
reported (only relative distribution). The model is already trimmed using approx. 15-20% of maximum slip as limit. NO = no trimming was applied, and 4 Event classification defined in Table 4.5.
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Most
M
of the earthquakes
e
with FFMs are off the coast of Jappan (63) andd South Am
merica
(13). Fig
gure 4.23 sh
hows the lo
ocations of the earthquaakes with F
FFMs in theese regions.. The
magnitud
de range of events with
h FFM is 5.86 to 9.12.. Interface eevents compprise 53% oof the
events with
w FFMs, 31%
3
are intrraslab, and the balance ((16%) are shhallow crusttal and outeer-rise
earthquak
kes.

(a)

Figure 4.23

(b)

Epicentral
E
loc
cations of the
e earthquake
es in (a) Japa
an and (b) So
outh
America
A
with available FF
FMs in the NG
GA-Sub data
abase.

4.3.2 Selection
S
Criteria
C
A detaileed review of
o the colleccted FFMs has
h been coonducted to select the m
most approppriate
model fo
or each earth
hquake. The 2010 M8.81
1 Maule, Chhile, earthquaake is utilizeed as an exaample
to illustraate the appro
oach. For thiis event, sev
ven different FFMs weree considered.. Following some
trimming
g (for detailss see Section
n 4.3.3), the outlines of these sevenn models are shown in F
Figure
4.24, alon
ng with the locations
l
of strong-motion stations iin the near-fa
fault region.
The
T selection
n of a model among the seven
s
candiddates in Figuure 4.24 is a topic of practical
importan
nce because they producce different source-to-siite distancess. Table 4.7 presents ruupture
distancess (Rrup) for th
he 29 station
ns in the NGA-Sub databbase that reccorded this event with ruupture
distancess (from any of the altern
nate models)) less than 5500 km. Ruppture distancces are show
wn for
all of thee FFMs. Th
he results sh
how consideerable differences in som
me cases; thhe sites witth the
largest raanges of distances are hig
ghlighted.

76

Figure 4.24

Finite-fault mo
odels for the
e 2010 M8.81 Maule earth
hquake using
g a trimming
th
hreshold of 50
5 cm of slip
p. Locations o
of the groun
nd-motion sta
ations
in
ncluded in Ta
able 4.7 are shown
s
using
g yellow trian
ngles for the RENADIC
network and red
r triangles
s for the C ne
etwork. The ffocal plane s
solution is
shown at the epicenter.
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Table 4.7

Computed distances (Rrup) using the seven FFMs for the 2010 Maule earthquake.

Recorded strong motion

Closest distance to the fault-rupture plane, Rrup (km)

No

NGA-sub
RSN

Network

FFM 1

FFM 2

FFM 3

FFM 4

FFM 5

FFM 6

FFM 7

1

6001819

RENADIC

82

142

150

82

137

135

86

82

150

2

6001829

RENADIC

39

88

94

41

83

80

36

36

94

3

6001810

RENADIC

39

88

93

42

83

80

36

36

93

4

6001827

RENADIC

36

84

90

38

80

76

32

32

90

5

6001828

RENADIC

37

86

92

39

81

78

33

33

92

6

6001817

RENADIC

39

43

40

42

43

41

30

30

43

7

6001824

RENADIC

63

88

91

66

93

83

54

54

93

8

6001821

RENADIC

60

80

81

63

83

75

51

51

83

9

6001822

RENADIC

65

91

94

70

97

86

56

56

97

10

6001811

RENADIC

65

89

91

69

95

84

56

56

95

11

6001823

RENADIC

66

87

90

71

95

83

57

57

95

12

6001818

RENADIC

36

36

28

38

38

34

26

26

38

13

6001815

RENADIC

64

66

60

66

74

68

54

54

74

14

6001816

RENADIC

48

49

38

51

49

51

38

38

51

15

6001825

RENADIC

57

57

46

59

58

63

47

46

63

16

6001813

RENADIC

36

36

27

38

36

40

26

26

40

17

6001809

RENADIC

35

35

25

37

32

38

24

24

38

18

6001812

RENADIC

54

54

41

56

50

53

43

41

56

19

6001826

RENADIC

189

215

146

163

146

120

197

120

215

20

6001799

C

34

33

24

35

30

36

22

22

36

21

6001807

C

50

55

50

53

54

52

41

41

55

22

6001805

C

66

99

103

70

104

93

58

58

104

23

6001802

C

73

101

105

84

113

96

66

66

113

24

6001803

C

63

90

93

66

95

85

54

54

95

25

6001804

C

65

84

86

68

92

80

55

55

92

26

6001800

C

66

96

100

71

103

91

57

57

103

27

6001801

C

61

112

116

63

106

104

59

59

116

28

6001806

C

41

68

71

44

64

61

32

29

6001808

C

54

105

109

56

99

97

52

78

Range
(min–max)

32
52

71
109

The three major considerations in evaluation of FFMs are: (1) the model is generated
using default (automated) procedures vs. an inversion process managed and interpreted by
experts; (2) the data sources considered in the inversion; and (3) peer-review, or lack thereof, of
the model and the process by which is was derived. The data sources used in FFM development
can include:


Permanent crustal displacement caused by the earthquake, typically
measured from GPS sensors, InSAR, or measurements of on-land
elevation change (typically in coastal areas);



Teleseismic waveforms from global network;



Broadband ground-motion sensors in reasonably close proximity to the
source;



Tsunami-related data (run up heights and wave heights as measured by
ocean buoys); and



Spatial distribution of aftershocks, typically within 24 to 60 hours of the
mainshock event.

We prefer FFMs that have been reviewed/developed by experts (not preliminary or automatic
solutions), have been developed using multiple data sources (inclusive of ground-motion data,
preferably from proximate stations), and have appeared in peer-reviewed documents.
In the case of the Maule, Chile, earthquake, the seven considered models have the
attributes shown in Table 4.8. Three are automatically generated models. Five consider only a
single data source (teleseismic or ground displacement only). The model by Delouis et al. [2010]
was ultimately identified as the preferred model because it considered multiple data sources, is
not from an automated procedure, and appears in a peer-reviewed journal. Lorito et al. [2011]
has similar attributes, but the considered data sources do not include ground motions, which is
why we prefer Delouis et al. [2010]. The hypocenter of the Maule, Chile, earthquake from the
preferred FFM is shown in Figure 4.24. This hypocenter is located essentially on the fault plane
(no projection required).
Table 4.8

Alternate FFMs for 2010 M8.81 Maule, Chile, earthquake.

Automated (Y/N)

Data sources

Peer-review
document (Y/N)

Y

Teleseismic

N

Hayes [2010; 2017]

Y [2010]; N [2017a]

Teleseismic

N

Luttrell et al. [2011]

N

Crustal displacement

Y

Shao et al. [2010]

Y

Teleseismic

N

Delouis et al. [2010]

N

Teleseismic; crustal displacement

Y

Lorito et al. [2011]

N

Crustal displacement; tsunami

Y

Pollitz et al. [2011]

N

Crustal displacement

Y

Model
Sladen [2010]
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4.3.3 Trimming Criteria
Once a published FFM model is selected, it is typically necessary to apply some trimming of the
rupture dimensions. This is important because faults are often set as large geometric objects at
the outset of the inversion so as to avoid “missing” areas of potential rupture. As a result, the
inverted fault may contain broad regions with relatively little slip in addition to concentrated
areas of high slip. This need for trimming is not unique to NGA-Sub; it was addressed earlier in
the NGA-West1 project [Power et al. 2008]. At that time, on average, a threshold of 50 cm of
slip was generally applied, i.e., portions of the fault having slip below this value were trimmed
(excluded) in the development of representative fault geometries used for distance calculations.
Similar procedures were subsequently used in NGA-West2.
Because the amounts of slip on subduction sources can be very large relative to the
crustal sources considered in NGA-West1 and NGA-West2, we were concerned that the 50 cm
threshold may not provide a reliable basis for fault trimming in all cases. Accordingly, we reexamined this issue, starting with a fresh look at the source models used to develop the 50 cm
threshold in previous NGA projects. The trimmed models were of seven crustal events in
California, Idaho, and northern Mexico summarized in Table 4.9 (three of the ten models in this
analysis were trimmed by the FFM authors), which shows the calculation of the average
threshold that was utilized in the trimming of the source models. These events had maximum
slips in the approximate range of 45 to 790 cm, so that, on average, the 50 cm threshold
corresponded to approximately 15% of the maximum. For NGA-Sub, we consider this
percentage of the maximum slip, in lieu of the 50-cm threshold directly, given the large rupture
dimensions and slip values involved in subduction-zone earthquakes when compared to the M67 shallow crustal events upon which the original criteria had been based. When the 15% criteria
was applied to large subduction events with FFMs, the results were judged to be reasonable by
the source working group. Accordingly, we trim the FFMs by applying a threshold of 15% of the
maximum slip and then draw one or more rectangles around the high-slip areas. Dimensions
derived using this process appear in Table 4.6 and in the FFmodel tables in the source database.
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Table 4.9

Summary of trimming applied for NGA-West and NGA-West 2 projects.

Magnitude, M

Maximum
slip in
the FFM
(cm)

Maximum slip in
the trimmed row or
column of the FFM
(cm)

Percentage of the
maximum trimmed
value relative to the
maximum slip

Coyote Lake

5.9

120

0

0%

87

Borah Peak

6.8

128

9

7%

101

North Palm Springs

6.2

45

9-11

22%

113*

Whittier Narrows

5.9

90

No trim (< 58 cm)

No trim (<64)

125

Landers

7.3

790

60

8%

127*

Northridge

6.7

319

No trim (< 140 cm)

No trim (<46)

118*

Loma Prieta

6.9

513

0 (< 105 cm)

0 (< 20 cm)

280

El Mayor-Cucupah

7.2

700

180

26%

177

San Simeon

6.5

300

70

23%

179

2004 Parkfield

6.0

52

18

35%

Average**

305 cm

50 cm

~15%

EQ
ID

Earthquake name

48

* Events 113 (Whittier Narrows), 127 (Northridge), and 118 (Loma Prieta) applied models as published, because trimming appears
to have been done by the FFM authors.
**Average is computed without the pre-trimmed events.

4.3.4 Multi-Segment Ruptures
Some FFMs involve multiple segments. Figure 4.25 presents all eight interface events in the
NGA-Sub database having a multiple-segment rupture. Four of them are located in Japan,
including the 2011 M9.12 Tohoku earthquake [Figure 4.25(a)], and four in South America,
including the 2016 M8.31 Illapel, Chile, earthquake [Figure 4.25(b)]. Both the Tohoku and
Illapel earthquakes are modeled with three segments. Figure 4.26 presents four intraslab events
having multiple-segment ruptures. All of them are located in Japan, including the 2001 M6.83
Geiyo earthquake [Figure 4.26(b)], which is the event with the most number of segments (four)
in the NGA-Sub database.
Multiple-segment ruptures introduce issues related to distance calculation and
representation of the fault with a single rectangle, as required for the FFmodel table. To describe
the manner in which multi-segment faults are managed for distance calculation, the required
configuration of fault geometry for the distance computation code (P4CF; Section 4.5) should be
understood. While most earthquakes are represented by a single rectangle, this code can take as
input a series of rectangles provided they share a continuous line at the top (shallowest portion)
of the fault [e.g., Figure 4.27(a), which shows continuous (at the top) rupture segments for the
1983 Middle Japan Sea earthquake]. In this case, the various rectangles are provided to the code,
closest distance parameters are computed for each internally within the code, and the segment
producing the smallest values is used. For multi-segment ruptures that are discontinuous at the
top [e.g., Figures 4.26(a) and 4.26(d)], or that are listric [dip varies across fault width, see Figure
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4.27(b)], each segmeent must be entered
e
separrately for disstance calcuulation, and tthe smallest vvalue
A-Sub databaase are the 1994
selected by the anallyst . Listricc-fault eventts included in the NGA
M7.76 Sanriku-ho an
nd the 2011 M9.12 Toh
hoku earthquuakes in Japaan [Figure 44.25(a)], the 2007
M8 Piscco (Peru), th
he 1985 M7.98 Valparraiso (Chilee), and the 2016 M8.31 Illapel (C
Chile)
earthquak
kes in South
h America [F
Figure 4.25(b
b)].
As
A a separatee exercise frrom distancee calculationn, multi-segm
ment faults were represented
as a sing
gle rectanglee for inclusiion on the FFmodel
F
tabble. This waas done to support poteential
future wo
ork related to
o rupture dirrectivity. In the case of m
multiple seggments havinng the same sstrike
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mmed area off the 1985 M
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m of the seggment
widths, and
a a weightted average length
l
and dip
d are comp uted. The w
weights are prroportional tto the
widths of each segm
ment. In the case of mulltiple segmeents having ddifferent striikes, widthss, and
dips, a width
w
is com
mputed as thee ratio of tottal fault-ruptture area divvided by thee sum of seggment
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T length in
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i taken as th
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(a)

Figure 4.25

(b)

Multi-segmen
M
nt ruptures off interface ev
vents in the NGA-Sub da
atabase in (a)
Ja
apan and (b)) South America regions .
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26
Figure 4.2

(a)

(b)

(c)

(d)

Multi-s
segment rup
ptures of in
ntraslab even
nts in the N
NGA-Sub da
atabase: (a) 1987
M6.53 Off Eastern Chiba; (b) 2001 M6.83 G
Geiyo; (c) 200
08 M6.82 Mid
ddle Iwate; an
nd (d)
2012 M7.23
M
Miyagii-oki earthqu
uakes.
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(a)

Figure 4.27

4.4

(b)

Examples
E
of multi-segme
m
nt ruptures: (a) with con
ntinuity of the
e upper
se
ection of the
e segments; and (b) varia
able dip overr the fault width, i.e.,
lis
stric faults.

SOURCE
S
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ERS FOR EVENTS WIITHOUT FINITE-FAUL
LT MODEL
LS

Most earrthquakes wiith event types in the NG
GA-Sub dataabase do not have FFMs in literaturee (903
out of 99
91). Becausee there is a need
n
for a finite-fault
fi
reepresentationn of each eaarthquake soource,
we applied a simulattion procedu
ure for even
nts without ppublished moodels. This section desccribes
empirical models fo
or fault dim
mensions of subduction earthquakes, which arre needed inn the
simulatio
on procedure (Section 4.4.1), and the simulattion proceduure that is applied (Seection
4.4.2).
S
n Earthqua
ake Empiric
cal Models
s for Fault Dimension
ns, Fault
4.4.1 Subduction
Orientation
O
s, and Hyp
pocenter Location
L
The simu
ulation proceedure requirres models fo
or the rectanngular dimennsions of finnite faults (aalongstrike len
ngth L and
d width W), the orientaation of thee rectangless (strike  and dip ),, and
hypocentter location within the rectangle.
r
Models
M
for fa
fault area (A
A) and aspecct ratio (L/W
W) are
provided
d for interface subduction
n events by Murotani
M
et al. [2013] an
and Skarlatouudis et al. [22016].
A model for hypocen
nter location is provided by Mai et all. [2005].
Figure 4.28 shows
s
fault--rupture areas and Figuure 4.29 shoows aspect ratios for thhe 47
interface events with
h FFMs (dim
mensions are available froom Table 4.6) in the NG
GA-Sub dataabase.
Also shown are sourcce dimension
n data from Skarlatoudiss et al. [20166] and regression fits. Foor the
rupture-aarea data sho
own in Figu
ure 4.28, lin
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[2013], Skarlatoudis
S
et al. [2016]], and the preesent study uusing the folllowing lineaar expressionn:
ln A  a1  a2 M   n1 A
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(4.6)

where A is rupture area in km2, a1 and a2 are regression coefficients,  n1 is the standard normal
variate (zero mean, standard deviation of 1), and  A is the standard deviation. Regressions were
performed at two stages in the NGA-Sub project. The first regression was performed using data
from 29 earthquakes (a subset of data from Table 4.6) available at that time (approximately
November 2017) along with data from Skarlatoudis et al. [2016]; the 29 events used at that time
are depicted in Figure 4.28(a), and the resulting coefficients are indicated in the figure (marked
as “Applied”). The next regression was performed near the end of the project (December 2019)
using all 47 events and Skarlatoudis et al. [2016] data for non-redundant events, with the results
shown in Figure 4.28b (marked as “Complete”).
Note that self-similarity is assumed, which is typical in models of this sort, i.e., a2 is

unity for the log10 of area [equivalent to a2  ln 10  . The regression coefficients and standard
deviations from the two models in literature and the present model are provided in Figure 4.28.
There is no appreciable difference between the “Applied” and “Complete” versions of the mean
model although dispersion increases in the update. The fits derived in the present study are
similar to those derived by Murotani et al. [2013]. The fit provided by Skarlatoudis et al. [2016]
was on A directly, not its logarithm. The present results are lower because Equation (4.6) fits the
mean of the log of the data.
For the aspect-ratio relation the following expression was used:
M  7.25 : a3  M  M1    n 2 L W
ln  L W   
M  M1 :  n 2 L W


(4.7)

where L/W is the aspect ratio, and a3 and M1 are model coefficients. Results are shown in
Figure 4.29 for the first regression [“Applied”; see Figure 4.29(a)] and the subsequent regression
[“Complete”; Figure 4.29(b)], with similar results. The mean aspect ratio does not extend below
unity. Figure 4.29 shows data both from literature [Skarlatoudis et al. 2016] and the present
study. No prior fits are available from literature; therefore, only the fit from Equation (4.7) is
shown.
Figure 4.30 shows fault-rupture areas and aspect ratios for the 27 intraslab events with
FFMs; dimensions were taken from Table 4.6. A model from Strasser et al. [2010] for the
rupture area, with the same form as Equation (4.6), is shown in Figure 4.30(a). That model was
considered to provide an adequate fit to the data and was applied in the present study. We did not
find a model for L/W in literature for intraslab events. The November 2017 dataset was fit using
Equation (4.7) with the result shown in Figure 4.30(b) and marked as “applied.” That dataset
included 16 earthquakes in Table 4.6 and one event in Japan (marked with a black asterisk) that
was initially considered as intraslab and subsequently reclassified as outer-rise; those events are
depicted in Figure 4.30(b) using filled symbols. The open symbols represent ten events in Japan
and one event in Cascadia that were not used in the regression analysis but are now part of the
NGA-Sub database. The addition of the new data suggests that the dependency of the aspect ratio
on magnitude for intraslab events is not as strong as initially considered. The mean of all the data
(excluding the outer-rise event) is also shown in Figure 4.30(b) for reference.
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(a)

Figure 4.28

(b)

(a
a) Applied an
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subduction in
nterface earth
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C
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ALK = Alaska
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= Skarlatoudis et al. [2016
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Murotani et a
al. [2013].

(a)

Figure 4.29

(b)

a) Applied an
nd (b) Compllete geometrric relations ffor aspect ra
atio for
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subduction in
nterface earth
hquakes. JP
PN = Japan, S
SAM = South
h America,
CAM
C
= Centra
al America an
nd Mexico, A
ALK = Alaska
a, TWN = Taiwan, Sea16
= Skarlatoudis et al. [2016
6].
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Figure 4.30 shows fault-rupture areas and aspect ratios for the 27 intraslab events with
FFMs; dimensions were taken from Table 4.6. A model from Strasser et al. [2010] for the
rupture area, with the same form as Equation (4.6), is shown in Figure 4.30(a). That model was
considered to provide an adequate fit to the data and was applied in the present study. We did not
find a model for L/W in literature for intraslab events. The November 2017 dataset was fit using
Equation (4.7) with the result shown in Figure 4.30(b) and marked as “applied.” That dataset
included 16 earthquakes in Table 4.6 and one event in Japan (marked with a black asterisk) that
was initially considered as intraslab and subsequently reclassified as outer-rise; those events are
depicted in Figure 4.30(b) using filled symbols. The open symbols represent ten events in Japan
and one event in Cascadia that were not used in the regression analysis but are now part of the
NGA-Sub database. The addition of the new data suggests that the dependency of the aspect ratio
on magnitude for intraslab events is not as strong as initially considered. The mean of all the data
(excluding the outer-rise event) is also shown in Figure 4.30(b) for reference.
The orientation of the fault rectangle is represented by strike angle  and dip angle ; see
Figure 4.19. Among earthquakes without FFMs, most have moment tensor solutions that provide
two estimates of these angles. One is often preferred based on physical considerations (i.e.,
alignment of dip angle with slab orientation) and is used in the simulations “as-is.” Where a
particular nodal plane is not preferred, both are considered; see Section 4.4.2. For events without
a moment tensor, the mean strike ( ) is estimated as parallel to the nearest portion of the
subducting plate (for all event types). Mean dip ( ) is similarly taken from the dip of the
subducting plate for interface events. For intraslab events, mean dip is taken as an average of
nearby events with available moment tensor solutions. A specific set of angles used in
simulations is given as:

    

(4.8)

    

(4.9)

where   and   are uniform distributions centered on the means with ranges of ± 30°and 10°,
respectively.
Figure 4.31 shows the parameterization of hypocenter location on the fault plane, with  L
and W representing normalized location relative to the upper left corner (as viewed from the
hanging wall). A model for these locations was presented by Mai et al. [2005]. The mean
location along strike is at the midpoint  L  0.5  and slightly deeper than the mid-point in the
down-dip direction W  0.57  [Mai et al. 2005].

Figure 4.32 shows hypocenter locations using the data from Table 4.6 for interface
events. An earlier analysis (November 2017) used to derive parameters applied in simulations
was based on a subset of 27 events, mainly from Japan and South America; see Figure 4.32(a).
The results confirm an along-strike mean close to the mid-point  L  0.535  whereas the downdip mean varies by region ( W  0.451 for events in Japan and W  0.624 for events in South
America). Figure 4.32(b) presents updated results derived using data in its current state, which
include 18 additional interface events. Results are congruent with previous observations, though
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(a)

(b)
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For modeling purposes, a specific hypocenter location is expressed as:

 L   L   n3 

(4.10)

L

W  W   n 4 

(4.11)

W

where  n 3 and  n 4 are standard normal variates. The distributions are truncated at the limits of
the rectangle (i.e., both  L and W have a range of 0 to 1.0). Based on the results of earlier
analyses performed to support project simulations (dated November 2017) and shown in Figures
4.32(a) and 4.33(a), the along-strike mean was taken at the mid-point  L  0.5  for both
interface and intraslab earthquakes. Down-dip means were taken using the regionally variable
values in Figure 4.32(a) for interface events and at mid-depth W  0.5  regardless of region for
intraslab. The utilized standard deviation values as derived from data are shown in Figure 4.32(a)
for interface events and in Figure 4.33(a) for intraslab events.
4.4.2 Finite-Fault Simulation Procedure
A simulation procedure is used to generate approximate fault dimensions conditional on the
magnitude of the earthquake (M), the earthquake type, the hypocenter location (latitude,
longitude, and focal depth), and orientation of one or two nodal planes (strike and dip). As part
of the NGA-Sub project, we modified a procedure presented by Chiou and Youngs [2008]. The
modified procedure operates as follows:
1. Identify source-specific information that comprises the input to the simulation
procedure—hypocenter location, M, nodal plane strikes, and dips (if available). The
procedure allows for one preferred nodal plane from a moment tensor, two equally
likely nodal planes from a moment tensor, or variable plane strike/dip angles when no
moment tensor is available [per Equations (4.8–4.9)].



2. Compute mean values of along-strike length as ln L  0.5 ln A  ln L W





 and down-

dip width as ln W  0.5 ln A  ln L W , with mean area and aspect ratio taken from
Equations (4.6–4.7), respectively (with “applied” coefficients and  n terms set to
zero).
3. Using independent random number generators, select a realization of variates  n1 to
 n4 .
4. Define the fault dimensions L and W for the realization in (3) as:


ln W  0.5  ln A  

ln L  0.5 ln A   n1 A  ln L W   n 2 L W

 A  ln L W   n 4 L W

n3

91




(4.12)
(4.13)

6. Define the specific fault location aligned with the strike and dip of the nodal plane
using Equations (4.8–4.9). Note that the absolute location of the hypocenter in space
is fixed and does not change.
7. Sample across random variables as follows:
a. If a preferred moment tensor nodal plane is defined for the event, use N = 101
realizations across variates  n1 to  n 4 .
b. If two alternative nodal planes are to be considered, repeat the process in (4a) for
both nodal planes. For this case we use N = 101 realizations across both variates
 n1 to  n 4 and across both nodal planes (approximately 50 realizations of the
variates for each plane).
c. For events without a moment tensor in which strike and dip are estimated, N =
101 realizations are applied for variates  n1 to  n 4 .and   to   .
8. For all 101 realizations of fault rectangles from (3)–(6), compute distances to a grid
of points on the ground surface. The grid is defined as an array in polar coordinates
  ,  . The radius    extends to 300 km from the epicenter, with variable spacing
between grid points ranging from 2 km near the epicenter    20 km  to 25 km in
the outermost region 125 km    300 km  . The angular coordinate   varies
from 0 to 345° in 15° increments.
9. For each grid point, compute the median distance among realizations. Identify the
single fault plane among the 101 realizations that minimizes the misfit (sum of square
of residuals) to the set of medians for all grid points.
This procedure is coded in Fortran (CCLD5).
4.5

SITE-TO-SOURCE DISTANCE

4.5.1 Distance Computation
Final site-to-source distance computations were performed using a code (P4CF) that takes as
input the locations of ground-motion stations that recorded the event (geodetic coordinates) and
the three-dimensional representation of the ruptured fault. The fault is represented by one or
more rectangles, each of which is located by geodetic coordinates and depth of the upper left
corner (when viewed from hanging wall), strike, dip, along-strike length, and down-dip width.
As described in Sections 4.3 and 4.4, attributes of the fault surface rectangles are established
from FFMs in literature with some trimming, as discussed in Section 4.3.3, and from a
simulation procedure otherwise. Where more than one rectangle is used to represent a rupture
surface, distances are computed to each and the closest distances are used.
The output of P4CF for a given site is rupture distance (closest distance from site to any
point on the fault surface), Joyner-Boore distance (closest distance from site to any point on the
surface projection of the fault surface), Rx (distance measured perpendicular to the fault strike
from the surface projection of the up-dip edge of the fault plane), Ry (distance measured parallel
to the fault strike from the midpoint of the surface projection of the fault plane), Ry0 (distance
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measured parallel to the fault strike from the end of the surface projection of the fault plane), Rhyp
(hypocentral distance), Repi (epicentral distance), Rrms (root-mean-square distance), the location
on the fault surface from which the closest distance was measured (geodetic coordinates and
depth), and a series of parameters related to rupture directivity modeling that were not used in
NGA-Sub. These outputs are saved to the Path table. Another path-related table, derived using
procedures described in Section 4.8, lists percentages of the path through zones with different
volcanic-arc flags (EventVolArc table).
4.5.2 Calculation of Rmax
Earthquake ground motions can be subject to sampling errors for conditions that tend to produce
low-amplitude shaking near the trigger threshold for triggered instruments or the noise threshold
for instruments that record continuously. This is typically the case at large distances; it is more
pronounced for small magnitude events than large magnitude.
The problem is not that no records are obtained for such conditions, but that the recorded
ground motions may be unusually strong. Weaker motions that do not exceed trigger thresholds
are not recorded and those near noise levels are not useful, which tend to bias the dataset. One
way of managing this problem in the development of ground-motion models is to not consider
data beyond a limiting distance, which is referred to as Rmax. The selection of Rmax should take
into account event magnitude and the sensitivity of the recording instruments.
As part of the NGA-Sub project, Rmax values were calculated for different events,
networks, and instrument types. The Rmax values were calculated by fitting a truncated robust
regression to the data from each source region, and then calculating the intersection of the
median prediction for each event minus a scale factor times the estimated within-event standard
deviation with the truncation levels. Values of Rmax are saved to the Path tables.
(a) Data selection

The analysis was carried out using the version of the NGA-sub flatfile dated 11/17/2017. An
initial data screening was performed with the following exclusion criteria:



M > 4;
Rrup >0;



VS30 > 0;



ZHYP >0;










dip angle larger than zero;
rake angle not equal to -999 or -888;
multiple event flag not equal to 1;
Inter Intra Flag equal to 0,1,5 ;
sensor depth < 2 m;
exclude Geomatrix 1st letter equal to F [Chiou et al. 2008];
visual quality flag not equal to 2 or 9 (late S-trigger and “do not use”); and
exclude records with absolute value of peak acceleration < 0 .
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(b) Truncation levels

The calculation of Rmax values depends on the truncation level for each network: the truncation
level affects the fit of the truncated regression as well as the calculation of the intersection with
the fit. For some networks, the truncation level is known, but not all networks in the database
have an associated trigger level. In addition, even for a known trigger threshold, it is possible to
observe ground motions that are lower than the trigger threshold [e.g., if one of the horizontal
components has a peak ground acceleration (PGA) value that is larger than the trigger threshold
but the other has a smaller PGA value, then it is possible that RotD50 is lower than the nominal
truncation level]. For the truncated regression, it is required that the target variable is larger than
the truncation level, so the truncation levels are set dependent on the observed data for each
network.
By plotting histograms of the PGA values from each network, as well as plots of PGA vs.
distance, it is possible to visually identify truncation levels; however, these truncation levels are
subjective, and the analysis does not work for networks with a limited amount of data.
The truncation levels were set in an automated way. Different truncation levels were used
for instrument types “A” (accelerometers) and “V” (broadband instruments). For instrument type
“V”, the truncation level is set to 10-7g for all networks, which is assumed to correspond to the
noise level.
For instrument type “A”, first, a list of possible truncation levels was generated. The
possible truncation levels are 0.0001gal, 0.0002gal, 0.0003gal..., 0.001gal, 0.002gal,..., 1gal,
2gal... Then, the following methodology to estimate truncation levels for the different networks
was carried out:
1. For each network, select all records of instrument type “A”;
2. Discard 10% of the selected records that have the lowest PGA values; and
3. Find the largest truncation level from the list of possible values that is lower than
the lowest PGA value of the remaining records.
Records with instrument type −999 (unknown) were treated as accelerometers.
(c) Regression

For each source region, a truncated robust multilevel regression was performed. The following
functional form was used:

ln  1    2   2 a FS  3 M  ln  Rrup  c4 exp 9  M  6   a
lh  M ,  4 , 5 , mb ,     6 R  8 FS

(4.14)

 FS lh  Z H ,  9 , 10 , zb ,     E

where ln is the median prediction (including the event term  E ), and the event term is sampled
from a normal distribution with mean zero and standard deviation 𝜏. The ground-motion
likelihood is modeled as a truncated Student-t distribution with degree-of-freedom parameter ν
and standard deviation  . FS denotes the interface/intraslab flag, and lh(ꞏ) is a logistic hinge
function defined as follows:
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ln  M,  4 , 5 , mb ,     4  M  mb 

 M  mb  
  5   4   ln 1  exp 

 



(4.15)

The following coefficients were fixed using values in the “BC Hydro” model [Abrahamson et al.
2016]:
c4 = 10
θ9 = 0.4
β10 = 0
β3 = 0.1
β2a = −0.23
δ = 0.1
zb = 120 km
Coefficients evaluated by region include β1, β2, β4, β5, β6, β8, β9, as well as the standard
deviations τ and  together with the parameter ν and the event terms 𝜂 . The other coefficients
are set to values estimated by a global regression. The magnitude break point is mb  8 for
interface events and mb  7.5 for intraslab events.
The Student-t distribution has heavier tails than the normal distribution and is thus less
sensitive to outliers. For large values of ν, the Student-t distribution approximates a normal
distribution.
All parameters of the model were estimated via Bayesian inference, with weakly
informative priors. Only events with at least five recordings were used for the regression.
The estimated standard deviations and parameters ν for the different regions are shown in
Figure 4.34. Large values of τ are probably due to the fact that several coefficients are fixed,
making the model less flexible. Low values of ν might indicate that there are a lot of outliers for
that particular region.
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Figure
e 4.34

Reg
gional coefficients , , and
a  from re
egions to sup
pport develo
opment of Rm
max.

(d) Rmax calculations
c

Differentt Rmax valuees are calcullated for diffferent eventts, networkss, and instruument types. The
Rmax valu
ues for even
nt i are calcu
ulated as th
he distance w
where the m
median prediiction for evvent i
[includin
ng the eventt term, see Equation (4
4.14)], minuus 2.5 timees the withiin-event stanndard
deviation
n  intersects with the truncation
t
leevels. Hencee, a functionn fi   RRUP   i is deffined,
where i is calculated according
g to Equatio
on (4.14), w
with the apprropriate valuues of magniitude,
hypocenttral depth an
nd interface//intraslab flaag, as well aas the coeffiicients for thhe correct soource
2  , with thhe truncationn levels for tthe networks that
region. Then,
T
the inteersection of fi  RRUP   2.5
recorded event i is fo
ound. An exaample is shown in Figuree 4.35 for onne event.
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35
Figure 4.3

Rmax calculation
c
fo
or event 2000
0035. Record
ds from diffe
erent network
ks are plotted in
differe
ent colors. The truncation level for ea
ach network is plotted as
s a horizonta
al
line. The
T median prediction
p
μ for
f the eventt is plotted a
as a black line, the dashe
ed
black line shows μ−2.5
μ
 . The calculated R max values aare shown ass vertical linees.

(e) Rmax calculation
c
for events no
ot in regressiion dataset

To obtain
n good estim
mates of even
nt terms, only events wiith a minimuum of five reecords were used
for the truncated
t
reegression. To
T calculatee Rmax valuees for the remaining eevents, a siimple
regressio
on of the previously
p
computed
c
Rmax vs. maggnitude wass performedd. Based onn the
estimated
d model, Rmaax values forr the events not
n used in tthe truncatedd regressionn were calcullated.
The mod
del has the fo
ollowing functional form
m:
Rmax  a1  a2 M

((4.16)

Differentt a1 and a2 values
v
are esstimated for each networrk.
4.6

QUALITY-A
Q
ASSURANC
CE PROCEDURES

The proccess of assem
mbling the NGA-Sub database
d
inccluded iterattive proceduures for checcking
informatiion for accu
uracy and co
onsistency. These
T
QA prrocedures opperate on a ““current” veersion
of the daatabase for which
w
somee issues are to be checkked. Those iissues often involve seissmicsource details as desscribed in th
his chapter (e.g., missinng source paarameters, pprotocol erroors in
parameteer assignmen
nts, duplicatee events, and
d inconsistenncies in hypoocentral locaations, eventt-type
classificaations, or disstance metriccs). This is depicted
d
withh the white ooval on the lleft side of F
Figure
4.36 (NG
GA-Sub flatffile (ver i) isssues). Figu
ure 4.36 refeers to a “flattfile,” whichh is a large table
extracted
d from the fu
ull relationall database; seee Chapter 22. Most NGA
A-Sub project team mem
mbers
interact with
w the dattabase throug
gh various versions
v
of tthe flatfile. Changes to the databasse are
made at the relation
nal database level throug
gh edits to ccomponent tables. Oncee the databaase is
updated, a new flatfille is generated and intern
nally dissem
minated to NG
GA-Sub reseearchers.
The
T QA proccedure in Fiigure 4.36 begins
b
by coomparing enntries in the “current” fllatfile
with info
ormation from regional flatfiles,
f
wh
hich precededd the relatioonal databasee. These reggional
flatfiles consist
c
of so
ource, site, and
a ground-m
motion tablees developedd in early staages of the N
NGASub projeect, when the main emph
hasis was daata collectionn from diverrse sources. Regional flaatfiles
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were assembled for Alaska, Cascadia, Central America and Mexico, Japan, New Zealand, South
America, and Taiwan. The Data Comparison depicted in Figure 4.36 is to check for consistency
between the content of the relational database and the regional flatfiles. Differences could occur
due to logistical errors in copying material from one set of tables to another, or from technical
updates made following completion of the regional flatfiles.
If an inconsistency is found (in Figure 4.36, Consistent?  No), we next check regional
source information (i.e., the information used to assemble the regional flatfiles). This occurs in
the Analyze Issues box in Figure 4.36. This might include, for example, re-examining the
regional earthquake catalogs used to assign seismic moments and hypocenter locations (e.g.,
Tables 4.2–4.3). These comparisons check for data entry errors or protocol errors (e.g., not using
the preferred earthquake catalog for a given region). Various iterations of these checks have
impacted event locations (and therefore site-to-source distances), magnitudes, event types
(interface, intraslab, shallow crustal, outer-rise), and fault types (focal mechanisms). On the basis
of this review, a source review flag is assigned, as shown in Table 4.10. In many cases, events
with negative source review flags are not considered in model development. Other aspects of the
data that might be evaluated in the Analyze Issues box include data derived from recordings (see
Chapter 3) and site data (see Chapter 5).
Moving to the right within Figure 4.36, if issues cannot be resolved through the checks of
source documents (Resolved? diamond), the data in question is marked with a flag; see Table
4.10 for the case of issues with source parameters and Table 3.5 for ground motions. If the issues
are resolved, the data enter the protocol for distance metrics calculation. This phase is also
reached when the consistency check between regional databases and the current flatfile does not
identify problems.
Moving forward in Figure 4.36, in order to compute distance metrics, different paths are
followed depending on the availability of a FFM (Available FFM? diamond). For events with a
FFM, the fault plane is used in P4CF to compute distances (Distance calculation (P4CF)). In the
absence of a FFM, source geometry simulations are performed using CCLD5 (Fault plane
simulation (CCLD5)), which produce a fault plane that is then used in P4CF. Distance revisions,
along with any updates to source and other parameters, including the source review flag, are then
applied to component tables in the relational database (Update Relational Database). A new
flatfile is then generated, which completes an iteration of the review-and-update process.
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Ta
able 4.10

Source rev
view flags.

Sourc
ce
review flag
f

Descri ption

-999
9

Earthquake review is pending. Avoid
d using the reccordings from th
hese events.

-888
8

NGA-W
West 2 event. Source
S
parameters were not rreviewed in NG
GA-Sub project.

-2

Earthquake was not reviewed
r
becau
use of limited in
nformation or m
missing momen
nt tensor solution

-1

Earthquake was revie
ewed but there are important inconsistencie
es

0

Earthquake was revie
ewed based on
n the existing in
nformation. All the required pa
arameters were
e
availab
ble or estimated
d

1

Rake angle
a
is defined
d based on the inter_intra_flag
g (not from FFM or MT solution)

2

Hypoce
entral coordina
ates were slighttly modified to be consistent w
with the FFM.

3

Momen
nt Magnitude M is estimated from
f
other mag
gnitude scales (MS, ML, or mb)

4

Strike, dip, and rake angles
a
are based on the interr_intra_flag and
d/or simulations (not from FFM or
MT solution)

Figure 4.36

4.7

Flowchart illu
ustrating proc
cedure used
d to resolve issues with p
prior version
n
of the flatfile, ultimately re
n updated ve
esulting in an
ersion of the
e database.
Ovals
O
represe
ent start and finish points
s of the proc
cedure, blue
parallelogram
ms represent data, yellow
w boxes repre
esent data an
nalyses, and
d
white
w
diamonds represent decision po
oints.

MAINSHOC
M
CK AND AF
FTERSHOC
CK CLASSIIFICATION
N

Our hypo
othesis for the
t NGA-Su
ub project iss aftershockks that re-ruppture the m
mainshock ruupture
plane and
d surroundin
ng damaged
d zones will have lower stress dropss, and therefore lower sshortperiod grround motio
ons than the aftershocks that occur iin more com
mpetent mateerial further from
the mainshock rupturre plane. Thu
us, the goal of aftershockk classificattion for NGA
A-subductionn was
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not to identify all aftershocks but to identify the subset of aftershocks that allow for testing of the
hypothesis. To avoid confusion with definitions used in seismology, the NGA-Sub project
classifies earthquake mainshocks as Class 1 (C1) events, and the subset of aftershocks that occur
sufficiently close to the Class 1 rupture plane in both space and time are classified as Class 2
(C2) events. The main content of this section was previously presented by Wooddell [2018].
4.7.1 Methodology

Similar to NGA-West 2 [Wooddell and Abrahamson 2014], the NGA-Sub earthquake
classification algorithm is based on the windowing approach of Gardner and Knopoff [1974].
The Gardner–Knopoff time window was adopted without modification. The distance window
was modified and two new distance metrics were developed, resulting in two new algorithms for
classifying earthquakes. The first approach is based on the closest distance from the Class 1
rupture plane to the potential Class 2 hypocenter (RCLOSEST_P2H). In this approach, if a potential
Class 2 event is within the Gardner-Knopoff time window and has a hypocenter within a
predetermined cutoff distance, it is a Class 2 event. The second approach is based on the closest
distance from the Class 1 rupture plane to the potential Class 2 rupture plane (RCLOSEST_P2P). In
this approach, if a potential Class 2 event is within the Gardner–Knopoff time window and has a
RCLOSEST_P2P distance within a predetermined cutoff distance, it is a Class 2 event. For this
method, the percentage of the Class 2 rupture plane within the predetermined cutoff distance is
also computed. Development of two alternative distance metrics was motivated by different
ideas about what part of the rupture process has the greatest effect on the resulting ground
motion. The metric RCLOSEST_P2H suggests that closeness of the Class 1 rupture plane to the center
of the moment release in the Class 2 event will have a greater effect on the resulting ground
motion, whereas the RCLOSEST_P2P metric assumes that the more important parameter is the
distance between the two rupture planes and the percentage of the Class 2 rupture plane within
the defined distance window from the Class 1 rupture plane.
Figure 4.37 illustrates the difference between the different distance metrics for two faults
with four segments (each represented by a plane). The Class 1 rupture plane is defined as C1a-d,
and the potential Class 2 rupture plane is defined as C2a-d. Each rupture plane is divided into
subfaults of dimension 1km2 and a red star indicates the location of the hypocenter. In this case,
RCLOSEST_P2H results in a greater distance than the RCLOSEST_P2P metric because the potential Class
2 hypocenter is far from the Class 1 rupture plane. Therefore, for this pair of faults, the potential
Class 2 earthquake would be less likely to be classified as a Class 2 event if the RCLOSEST_P2H
metric is used and more likely to be classified as a Class 2 event if the RCLOSEST_P2P metric is
used.
For each distance metric, classifications were made using earthquake datasets from the
following regions: Alaska, Cascadia, Central America and Mexico, Japan, South America, and
Taiwan. Classifications were not made for New Zealand. Classifications were made for cutoff
distances of 10, 20, 40, and 80 km, and the results are included in the EventClass table of the
relational database. For the RCLOSEST_P2P metric, an additional column is also included showing
the percentage of the Class 2 rupture plane within the prescribed cutoff distance from the Class 1
rupture plane.
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Figure 4.37

Definition
D
of the
t RCLOSEST_P2H and RCLOSSEST_P2P dista
ance metrics
s. The fourse
egment Clas
ss 1 rupture plane
p
is defined as C1a-d, and the fou
ur-segment
potential Clas
ss 2 rupture plane is defined as C2a-dd. Each segm
ment is
divided into 1km2 subfaults; the hypo centers are s
shown as red stars.

4.7.2 Results
R
The resu
ults of this cllassification algorithm are
a evaluatedd for each diistance metrric using a ssubset
of the beetter recorded
d data (at leeast five reco
ords) with reecordings sppanning a distance rangee of a
factor off 3.5 for distaances up to 400
4 km. Figure 4.38 shoows the totall number of earthquakess over
o spectral peeriods for this subset of data, and hoow many of tthese earthquuakes are Cllass 1
a range of
and Class 2 if a distaance cutoff of 40 km is used.
u

Figure 4.38

Number
N
of Cla
ass 1 and Class 2 earthq
quakes resulting from a c
cutoff
distance of 40
0 km, using the
t data scre
eening descrribed in the ttext.
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4.8

VOLCANICV
-ARC FLAG
GS

Subductiion zone platte boundariees produce geologic
g
struuctures in thee crust and uupper mantlee that
affect seismic-wave propagation
n. Many sub
bduction zoones are assoociated withh a volcanicc arc,
where the down-goin
ng oceanic slab begins to
o melt, and pplumes of m
magma rise too form volcaanoes
on the surface
s
of th
he overridin
ng slabs. Fo
or NGA-Sub
ub, volcanic--arc locationns were useed to
categorizze the forearcc (trench-sid
de) and back
karc of each ssubduction-zzone region.
The
T delineatiion of the volcanic
v
arc allows bothh epicentral locations annd strong-m
motion
sites to be
b classified
d as forearcc or backarcc. Most subdduction-zonne events occcur either aat the
interface or within the
t subductin
ng slab. Inteerface eventts are generrally in the fforearc. Intrraslab
events arre also mostlly in the foreearc, but som
me can occuur in the backkarc when loocated in thee slab
at great depth
d
(e.g., see
s Figure 4.39).
Volcanic
V
arcss were determ
mined for eaach of the sevven regions in the NGA
A-Sub databaase by
drawing a line (by eye)
e
through
h the averagee trend of voolcanic peakks. The locaations of vollcanic
h eruptions during
d
the H
Holocene peeriod (approximately thee last
peaks, baased on volcanoes with
10,000 years),
y
weree obtained from the Smithsonian Institute’s Global Vollcanism Proogram
[2013]. Judgment
J
waas used to draw
d
a smoo
oth line for tthe volcanicc arc rather tthan represeenting
the arc as
a a jagged piecewise
p
lin
ne connectin
ng individuaal volcanic ppeaks. Figurre 4.40 show
ws for
the exam
mple of Alask
ka volcano locations
l
(orrange symbools) and the volcanic arcc passing thrrough
them (greeen line betw
ween zones 1 and 2). Th
his task was repeated forr all of the N
NGA-Sub regions
except Taiwan.
T
All Taiwan
T
sitess received a forearc flaag assignmennt of 2, as tthe island laargely
consists of
o forearc acccretionary sediments
s
[H
Ho 1986; Chhemenda et aal. 1997; andd Lundberg et al.
1997].

Figure 4.39

Cascadia
C
subduction-zone geometrry displayin
ng different earthquake
e
sources. Interface eartthquakes arre labeled as “subdu
uction zone
e
ea
hquakes are labeled as “deep
arthquakes” and intrraslab earth
p
ea
arthquakes” (after Wells et al. [2000] ).
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All
A events an
nd ground-motion record
ding sites weere assigned one of the vvolcanic-arc flags
listed in Table 4.11.. Volcanic-aarc flags aree provided ffor each eveent in the E
EventVolArc table
within th
he source database and for
f each sitee in the SiteV
VolArc tablee. Most backk-arcs corresspond
to Flag 1 and most forearcs to Flag 2. Jap
pan’s comp lex tectonicc geometry rrequired it tto be
d into multip
ple forearc an
nd backarc regions.
r
Therre are two foorearcs relatiing to subduuction
separated
of both the
t Pacific and
a Philippin
ne Sea platees under Jappan; see Figuure 4.41. Thhe Philippinee Sea
plate sub
bducts beneatth the southeern portion of
o Japan at thhe Nankai T
Trough; the aassociated foorearc
is designated Flag 3.
The
T lateral limits of the volcanic arcc correspondd to the limiits of the suubducting slaab. In
general, the edges of the subduccting slab were
w
definedd by the limiits of slab-ddepth contouurs as
b the USGS
S’s Slab1.0 model [Hay
yes et al. 20112]. Figure 44.40 shows hhow the edgges of
defined by
the slab, as well as th
he edges of the forearc and backarcc zones, werre defined foor the exampple of
the Alask
ka subductio
on zone. Areas deemed to be outsidee of the subdduction zone (east of the edge
in Figuree 4.40) are assigned
a
Flaag 0. Similaarly, Figure 4.41 shows how the booundaries foor the
forearc and backarc zones
z
were defined
d
for th
he Japan subbduction zonne.
Table 4.11

Figure 4.40

Desc
cription of vo
olcanic-arc fllags.

Fla
ag

ent
Eve
Cou
unt

Siite
Count

Descrip
ption

0

168

56
61

O
Outside of volca
anic-arc zone

1

175

19
927

Backa
arc

2

140
08

3169

Forea
arc

3

31
1

70
08

Forearc, Ryukkyu Trench

Example
E
of th
he extent of the
t volcanic flag region iin Alaska/Ale
eutians
subduction zo
one. The gre
een line betw
ween zones 1 and 2 follow
ws the
av
verage trend
d of volcanic peaks.
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Figure 4.41

Extent
E
of the volcanic flag
g region in Ja
apan subduc
ction zone. T
The green
lines between
n zones 1, 2, and 3 follow
w the average
e trend of vo
olcanic
peaks.

The
T volcanic--arc regions described in
n this section were usedd to computee portions off path
lengths within
w
each zone
z
for usee in GMM development.
d
. Path lengthh is computeed from the point
on the faault from wh
hich the clossest distancee is measureed (an outpuut of the P4C
CF code; Seection
4.5) to th
he site, and the fraction
ns are evaluaated based oon the portioon of the paath in zones with
different flags, as ap
pplicable. Zone percenttages for a ggiven path aare listed inn the PathVo
VolArc
table.
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nia Y., Boroschek R., Roja
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5.1

OVERVIEW AND ORGANIZATION

The site component of the NGA-Sub relational database comprises a list of metadata for stations
that have recorded the contributing events from Chapter 4. The principle regions from which
data has been collected are: Alaska (ALK), the Cascadia region of North America (CAS),
Central America and Mexico (CAM), Japan (JPN), New Zealand (NZL), South America (SAM),
and Taiwan (TWN). A global map of stations with recorded ground motions that are included in
the NGA-Sub project database is presented in Figure 5.1.
The words “site” and “station” are used somewhat interchangeably, with “station”
generally referring to the actual strong-motion instrument, and “site” referring to a more general
description of the location of interest (which for this project coincides with the strong-motion
stations). The site component of the NGA-Sub database contains 6433 sites. For each site the
following data is provided:


Site name and station ID, often adopted from the original strong motion
network’s station code/name;



A unique station sequence number (SSN) that acts as the identifier for
every site in the database;



Information about station location, such as latitude, longitude, depth below
ground surface, elevation, and in some cases, information on sensor
housing;



Recommended VS30 values and uncertainties linked to codes that describe
VS30 assignment protocols, along with associated NEHRP site classes
[Dobry et al. 2000];



Details related to measured VS profiles when available, such as the
maximum depth of the profile (zp) and time averaged VS to zp (VSZ);



Site information used to predict VS30 from proxy-based models when
measured VS30 values are absent;
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Basin depth inform
mation such as the depthh to a particuular VS horizzon (i.e.,
zx = th
he depth to th
he x km/sec iso-surface)) where availlable from
measu
urements or regional
r
3D velocity moodels; and



Indicaators of whetther a station
n is located iin the forearrc or backarcc of the
particu
ular subducttion zone reg
gion for whi ch it recordeed data.

The
T above information on site con
nditions is contained iin the Site table withinn the
relational database; the
t only exceeption is thee forearc andd backarc inddicators, whhich are contained
in the SitteVolArc table.
A breakdown
n of the num
mber of sites by region iss presented iin Figure 5.22, which is bbased
principallly on the reg
gion that pro
oduced the earthquake,
e
not necessarrily the site location. In most
cases, theese coincidee. For examp
ple, Japan co
ontributes thhe most sitess (35%), andd those sites have
collectiveely produced 57% of th
he NGA-Su
ub ground m
motions, virttually all off which are from
earthquak
kes in Japan
n. Conversely
y, the Cascadia group inn Figure 5.2, which compprises 18% oof the
sites (second highest after Jap
pan), includes sites in the Pacificc Northwestt region (B
British
Columbia, Washing
gton, Orego
on, and thee region o f northern California north of Cape
Mendociino), as welll as other, more
m
distantt regions inncluding other parts of California, intermountain
n west statees, and centtral and easstern North America (ggenerally eaast of the R
Rocky
Mountain
ns). Despitee the large number of sites, the nnumber of gground-motiion records from
Cascadiaa events is reelatively smaall (only 3% of the grounnd-motion innventory).

Figure 5.1

Locations of strong-motio
s
on stations w
with recorded
d ground mo
otions in
NGA-Sub
N
data
abase.
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ure 5.2
Figu

Breakdown
B
of
o number of sites in NGA
A-Sub databa
ase by region (N = 6433).

Some strong
g-motion stations inclu
uded in thee NGA-Subb database,, particularlly in
Californiia, Alaska, Taiwan
T
and Japan, havee also recordded shallow crustal evennts. As suchh, the
sites are included in
n the NGA-W
West2 and NGA-East
N
pproject databbases. Wherre overlap eexists,
station metadata
m
and
d any assign
ned VS30 and
d basin depth
th values thaat existed inn those databbases
were ado
opted for asssignment in
n the NGA--Sub Site taable, exceptt for sites inn Californiaa that
recorded Cascadia ev
vents, for which
w
VS30 was
w updated using more recent methhods; see Seection
5.3.3(a). This updating was nott performed
d systematically becausee of compleexities related to
inconsisttent station-n
naming conv
ventions, stattion numberi
ring, and other problems.
5.1.1 Approach
A
for
f Site Tab
ble Development
In past NGA
N
projeccts, the “daatabase” too
ok the form of spreadssheets (i.e., Microsoft E
Excel
spreadsheets [XLS] or
o comma-seeparated vallues [CSV] ffiles). In NG
GA-Sub, the project team
m has
organized
d the data into
i
a relatiional databaase, where iinterrelated ttables of daata and mettadata
communicate using various
v
uniq
que keys, called primary keys, to enssure consisteency betweenn and
across taables. A morre in-depth description of the relatiional databaase is providded in Chaptter 2.
Within th
he NGA-Sub
b relational database, th
here is a Sitee table. The contents of this table caan be
exported to spreadsheet format (..XLS or .CSV).
The
T Site tablle is organiized by regiion, with thhe unique S
SSNs assignned as sequeential
6
integers of the patterrn N×10 wiithin each reegion, wheree N is an innteger from oone to sevenn that
accounts for each off the seven subduction-z
s
zone regionss shown in F
Figure 5.2; tthey are listted in
alphabetiical order (i.e.,
(
Alaskaa stations arre numberedd 1000001, 1000002, …, and Taaiwan
stations are
a numbereed 7000001, 7000002, …).
… This meethodology w
was adoptedd to: (1) faciilitate
using thee SSN as a primary
p
key
y for the Sitee table withiin the NGA--Sub relationnal databasee; and
(2) allow
w the Site tab
ble to grow in
n the future when new sstations are inevitably addded or whenn Site
tables fro
om NGA-West2 and NG
GA-East are merged withh this one, eensuring thatt each regionn will
not feasiibly run outt of integer values for SSNs. The extensibilitty of the relational dataabase
prevents the need fo
or maintainin
ng sequentiaal site spreaddsheet files (up to 32 vversions of w
which
were used in NGA-W
West and NG
GA-West2 [S
Seyhan et al. 2014]).
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To avoid redundant listings of sites, a hierarchy for removal of duplicate sites was
applied, whereby sites were combined when they had identical latitude and longitude coordinates
(within 0.0001-decimal degree precision), reasonably consistent station names, and/or
identification numbers from the station network. Separate SSNs were assigned for cases when
the station network changed. but the instrument ostensibly remained the same, or the instrument
itself was changed at the same location. In the case of vertical arrays with multiple sensors at the
same latitude and longitude but different depths, multiple “sites” (with distinct SSNs) are
provided in the Site table, each having a different sensor depth.
5.1.2 Sources of Station Data

Regional ground-motion data were generally obtained from websites of organizations that
operate local accelerograph or seismograph networks. These websites often have some basic
station information, typically including station locations, instrument information, and in some
cases, geotechnical data and seismic velocity profiles. Details on data sources are given in
Chapter 3.
Most sites in Japan are part of the KIK-NET, K-NET, Port and Airport Research Institute
(PARI), Japan Meteorological Agency (JMA), or Tokyo Electric Power Company (TEPCO)
networks. Taiwan station data is derived from the Taiwan Strong Motion Instrumentation
Program, managed by the Central Weather Bureau (CWB), as well as the broadband seismic
observation network, co-managed by CWB and the Institute of Earth Sciences, Academic Sinica
in Taiwan [NCREE 2017]. Station information from Alaska was obtained from the Alaska
Earthquake Center at the University of Alaska at Fairbanks [AEC 2018]. In Cascadia, data was
accessed from sites belonging to numerous networks, including the IRIS Transportable Array
(TA array) [IRIS 2003], the Pacific Northwest Seismic Network (PNSN) [UW 1963], and the
Canadian National Seismograph Network [GSC 1989], among others across California and other
western states (BDSN, NCEDC, CI, CGS, USGS, NSN, ABSN, UO, UU). In Mexico, station
data were mainly obtained from the Guerrero Network operated by University of Nevada, Reno
(UNR) [Anderson et al. 2006, and the Center for Engineering Strong-Motion Data (CESMD). In
Central America, major networks exist for most countries, such as the Red Sismológica Nacional
de Costa Rica (TC) [UNR 1989], the Medio Ambiente y Recursos Naturales (MARN) network
in El Salvador [SNET 2018], and the Tomography Under Costa Rica and Nicaragua (TUCAN)
network [Abers and Fischer 2003]. In South America, station data comes from 36 different
networks; particularly important networks within this region include the Chilean Seismological
Network and RENADIC, operated by the University of Chile, the Red Nacional Accelerógráfos
de Colombia (CM), the Peru Lithosphere and Slab Experiment (PULSE) [Wagner et al. 2010],
and the Ecuador Seismic Network (EC). The data from New Zealand was taken from Kaiser et
al. [2016; 2017], which contains site information for stations included in a flatfile in Van Houtte
et al. [2017].
Each network has varying levels of existing site-characterization information, details of
which are discussed below. Table 5.1 lists all networks in the NGA-Sub database and the number
of sites from each. Network acronyms are as given Chapter 3, here, or in the footnote of Table
5.1. There are 92 networks represented in the database. Of the 6433 stations, 417 (6%) lack
network assignments, with nearly all (412) coming from New Zealand.
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Table 5.1

Number of sites in contributing strong motion station networks for NGA-Sub.

Network

Count

Network

Count

Network

Count

Network

Count

K-NET

1032

GFZ1

113

YC1

22

MX1

5

20

1

4

CWB
KIK-NET
TA
JMA

802
702
414
345

TUCAN
UNR
COSMOS
PULSE

ESCIGSMN

39

XH

1

17

NR1

Historic
1

XV

35

XJ

1

1

132

IU

35

GI

LIS

122

OV

34

CM

PARI
NCEDC
BO

1

114
102
77
69

3

TEPCO

RENADIC

MARN

3

37
100

BDSN
RENAC
C
DGG

PB

64

NN

XY

64

C1

IdeI

33

CC

32
1

CX

1

34

1

1

ICE

1

1

29

SV

27

ABSN

3

1

II

NSMP

4
1

1

13

1

24

CERESIS

NU

AV1

121

17

ONA

1

38

149

RNAC

18

IGP

1

CSN

136

1

CGS

XS

GSC

45

INETER

39

191

146

49

1

UW

AEC

1

G

13

RUT

11

1

3

1

IE

5
2

1

10

NV

2

9

TC

2

9

UU

2

8

1

1

1

1

8
8

AX

MG

1

PA

1
1

7

PUCP

27

1

CU

6

1

WC

1

25

EC1

6

YJ1

1

1

6
6

CI

63

TW

24

GT

USGS

71

CISMID

23

UO

1

1

BO=Bosai‐Ken Network, NIED, Japan; PB=Plate Boundary Observatory; GFZ=GFZ Potsdam, Germany (ZA, 2B, Y9, ZW
arrays); AV=Alaska Volcano Observatory; IU=Global Seismograph Network; DGG = Deutsche Geophysikalische
Gesellschaft; 2B=PUDEL Network, Argentina, GFZ Potsdam; Y9=Tocopilla, GEOFON Program, GFZ Potsdam; YC=Slab
Geometry in the Southern Andes; INETER=Nicaraguan Geosciences Institute; ESCIGSMN=El Salvador Geotechnical
Investigation Centre Strong Motion Network; XH=Altiplano‐Puna Volcanic Complex Seismic Experiment; NU=Nicaraguan
Seismic Network; XV=Fault Locations and Alaska Tectonics from Seismicity, Univ. Alaska, Fairbanks; XJ=Seismic
Experiment in the Aisen Region of Chile, Univ. Cambridge; GI=Red Sismologica Nacional‐Guatemala; Idel=Instituto de
Ingenieria, Universidad Nacional Autonoma de Mexico (UNAM); CC=Cascade Chain Volcano Monitoring; ICE=Instituto
Costarricense de Electrcidad; SV=Servicio Nacional de Estudios Territoriales, El Salvador; CU=Caribbean USGS Network;
EC=Ecuador Seismic Network; GT=Global Telemetered Seismograph Network; MX=Mexican National Seismic Network,
Universidad Nacional Autónoma de México; IGP=Geophysical Institute of Peru; ONA=Onagawa Nuclear Plant, Japan;
CERES=Regional Centre for Seismology for South America; G=GEOSCOPE Observatory, Institut de Physique du Globe de
Paris; II=IRIS/IDA Seismic Network, Scripps Institution of Oceanography; NR=Network of Autonomously Recording
Seismographs (NARS), Utrecht University, Netherlands; RUT=Rutgers Univ. (OO, ZX arrays); IE=Idaho National Laboratory
Seismic Monitoring Program; NV=NEPTUNE Canada, Ocean Networks Canada; AX=Departamento Meterologico Aruba;
MG=Seismic Network of North Eastern Mexico, Universidad Nacional Autónoma de México; PA=Red Sismica Volcan Baru,
Panama; PUCP=Pontificia Universidad Catolica del Peru; WC=Curacao Seismic Network; YJ=Studies of crust and upper
mantle structure, mantle flow and geodynamics of the Chile Ridge subduction zone, IRIS/PASSCAL.
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The remainder of this chapter describes site data and metadata used for NGA modeling
purposes. Emphasis is placed on proxy-based models used to estimate VS30 and its aleatory
variability and uncertainty for regions for which related studies were not already published. This
includes Central America and Mexico (events from the Cocos subduction zone), and South
America (Nazca subduction zone), excepting Chile. Regions for which VS30 prediction models
have been published are briefly reviewed (Taiwan, Cascadia, Alaska, Chile, and New Zealand).
For Japan, data and proxy-based models were published as part of NGA-West2 and other
projects, and are updated here.
5.2

MEASURED VS DATA FOR VS30 EVALUATION

5.2.1 Data Sources

Wherever possible, VS profiles developed from in situ geophysical testing are identified for use
in the characterization of site conditions at a ground-motion instrument site. The profile is used
to compute and assign VS30 and, where applicable, to assign depths to 1.0 and 2.5 km/sec shearwave velocity iso-surfaces. In general, VS profile data is considered if it reflects direct
measurements (from in situ geophysical testing), the profile extends to a profile depth zp of at
least 5 m, the profile begins within 5 m of the ground surface, and the profile location (geodetic
coordinates) is known. Data derived using a wide array of geophysical measurement techniques
were included. One technique that is not considered credible (CXW) [Poran et al. 1994] was
nonetheless used for estimates of VS30 for sites in Alaska, as explained in Ahdi et al. [2017(b)]. In
general, profiles from the ReMiTM method [Louie 2001] were not compiled for use in the profile
databases from which VS data was extracted this study, with the exception of a small number of
sites in Chile.
Of the 6433 sites in the Site table, 2530 have a VS30 value computed using a VS profile. As
part of the NGA-Sub project, considerable effort was put into identifying suitable profiles.
Correspondence with national and regional agencies was undertaken, as well as contact with
individual researchers and geotechnical/geophysical consulting firms. Ultimately all of the data
used in the project is in the public domain. The profiles and accompanying metadata had
disparate formats in source documents. The VS profiles were digitized (if not already in digital
form) and assembled into “profile databases” (PDBs) for individual regions. Further information
on these PDBs are described in Ahdi et al. [2017(a)] for Cascadia and Ahdi et al. [2017(b)] for
Alaska (updated here). For Taiwan, profile data was obtained from a website maintained by the
CWB; see NCREE [2017] and Kwok et al. [2018]. For Chile, the PDB was derived from a
variety of university reports and profiles from the personal files of a consulting firm; see
Contreras et al. [2018]. For Japan, VS data for stations that are part of the KIK-NET and K-net
networks was obtained from a web site maintained by National Research Institute for Earth
Science and Disaster Resilience (NIED) (http://www.kyoshin.bosai.go.jp/). Site data for stations
in the Port and Airport Research Institute (PARI) network were obtained from the PARI website
(https://www.eq.pari.go.jp/kyosin/). We did not identify a source of VS profile data for sites in the
JMA network. In the case of New Zealand, we did not compile a PDB, but relied on site
metadata compiled for strong-motion stations by Kaiser et al. [2016; 2017], some of which are
measurement-based (their quality factor Q1, and in some cases, Q2). This is described further in
Section 5.3.3.
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Figure 5.3 illustrates the distribution of both me asurement- and proxy-bbased VS30 daata in
A-Sub databaase, which sh
hows a logno
ormal distribbution skeweed towards hhigh-VS30 (sttiffer)
the NGA
sites. Tab
ble 5.2 show
ws the region
nal breakdow
wn of measuured versus proxy-basedd VS30 data iin the
Site table. The num
mber of sites with proffiles (2530) is less thann the numbber of sites with
d VS30 becau
use in some cases
c
sourcee documents only providde a measureed VS30 and llack a
measured
profile. The
T regions with the highest
h
perceentages of V S30 values based on m
measurementts are
Japan (76
6%) and Taaiwan (56%)); these regio
ons also hadd the highesst such perceentages in N
NGAWest2, with
w Taiwan
n at 53% and
d Japan at 34%
3
[Ancheeta et al. 20013]. This shhows that prroxybased mo
odels were needed
n
in alll regions, and
a that the need was ggreatest in reegions otherr than
Japan an
nd Taiwan. The substtantial need for VS30 aassignments from proxxy-based m
models
motivated a series of
o studies to
o develop su
uch models on a regionn-specific baasis; see Secctions
5.3.3 and
d 5.3.4. Figu
ure 5.4 show
ws the distriibution of pprofile depthh zp for measured VS proofiles
where av
vailable [i.e.,, the total nu
umber of VS profiles in F
Figure 5.4 (22205) is lesss than the nuumber
of sites with
w measureed profiles (2
2530) becausse for some profiles no pprofile depthh was assignned.
Table 5.2
2

Figure 5.3

Break
kdown of mea
asured- and proxy-based
d estimated VS30 data by NGA-Sub re
egion.
Region

Total

Measu
ured

Estiimated

Alaska

311

16 (5%
%)

295
5 (95%)

Cascadia

1126

80 (7%
%)

1046
6 (93%)

Central America and Mexico

510

24 (5%
%)

486
6 (95%)

Japan

2283

1731 (7
76%)

552
2 (24%)

New Zealand

412

28 (7%
%)

384
4 (93%)

South America
a

942

178 (19
9%)

764
4 (81%)

Taiwan

849

473 (56
6%)

376
6 (44%)

Total

6433

2530 (3
39%)

3903
3 (61%)

Distribution
D
of
o all VS30 ass
signed to SM
MSs in the NG
GA-Sub database, with a
histogram forr the subset of
o sites with assignmentts from meas
sured in situ
u
VS profiles.
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Limited
L
meaasured VS prrofile/VS30 data
d
were accquired for the stationss in regionss that
recorded events in th
he Cocos sub
bduction zon
ne (i.e., Centtral Americaa and Mexicco) and the N
Nazca
subductio
on zone (i.ee., South Am
merica, exceepting Chilee). Fifteen VS profiles ffrom geophyysical
testing ussing downho
ole and suspension log methods
m
werre collected iin and arounnd Mexico C
City at
strong-m
motion station
ns and groun
nd failure siites after thee 1985 Mexiico City Earrthquake [Ohhta et
al. 1986; Seed et al. 1987]. Thesse were appllicable to 111 strong-mottion stations in the Site ttable,
with two profiles app
plicable to siix different stations
s
baseed on the criteria of proxximity withinn 300
B
[2002] and Seeyhan et al. [2014]. Araango et al. [2010] comppiled VS30 vvalues
m; see Borcherdt
from meeasured VS profile
p
data (five profilles) acquireed for past microzonatiion studies in El
Salvadorr [Faccioli ett al. 1988] an
nd two profi
files from Niicaragua [Faaccioli et al. 1973]. VS30 from
these prrofiles weree assigned to seven and
a
two strrong-motionn stations inn each couuntry,
respectiv
vely. In Sou
uth America, 27 VS pro
ofiles were m
measured ussing SASW
W [Vera-Grunnauer
2014] an
nd combined MASW and
d SASW [Niikolau et al. 2016]. A suubset of these were appliied to
13 stron
ng motion-sttations in Ecuador,
E
priimarily conccentrated inn the Guayaaquil regionn and
measured
d during recconnaissancee after the 2016
2
Musinee earthquakee. The digitaal VS profilee data
were pro
ovided by X.. Vera-Grunauer [2017].. Sixteen VS profiles weere collectedd in Peru [CoortezFlores 20
004], one off which cou
uld be match
hed to a stroong-motion station for VS30 assignm
ment.
Finally, four
f
measurred VS30 valu
ues were ob
btained from
m the flatfilee of the Souuth America Risk
Assessment (SARA)) project off the Globaal Earthquakke Model ((GEM) and applied as VS30
assignmeents at five strong-motion station sitees in Colombbia [Castilloo et al. 2016]].

Figure 5.4

Distribution
D
of
o zp for meas
sured VS pro
ofiles assigne
ed to SMSs iin the NGASub
S Site table
e. “Inf” indica
ates infinity and is assoc
ciated with th
he bottom
la
ayer given a half-space velocity.
v

5.2.2 VS30 Compu
utation
The timee-averaged VS to the max
ximum profille depth zp iss computed aas

VSZ 
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zp
ttz

(5.1)

in which
zp

dz
V z
0 S 

ttz  

(5.2)

where ttz is the travel time for shear waves to travel from depth zp to the ground surface. In
practice, the integral is taken as a summation across depth intervals with constant velocities.
When zp ≥ 30 m, which occurs for 1490 of 2530 sites with assignment of VS30 from measured VS
profiles, VS30 is computed by replacing zp with 30 m.
For the 1024 sites having zp < 30 m, VS30 is estimated by extrapolation. There exist
numerous extrapolation schemes in the literature, which are described and compared in the
Appendix of Ahdi et al. [2017(a)]. Statistical analyses of five different VSZ-to-VS30 extrapolation
schemes (Boore [2004]; Boore et al. [2011]; Dai et al. [2013]; Midorikawa and Nogi [2015]; and
Wang and Wang [2015]), presented in the Appendix of Ahdi et al. [2017(a)] and expanded upon
in Kwak et al. [2017], demonstrate that, in general, the model framework developed by Dai et al.
[2013], which relies on regressions using VS profiles for individual regions or datasets to predict
the time-averaged VS from zp to 30 m, provides the lowest uncertainty in VS30 estimates for
regions with available models. Dai et al. [2013] was used for shallow profiles in Japan, with
regression coefficients provided in Table 2 of Kwak et al. [2017], and in the PNW [Ahdi et al.
[2017(a)]. Similar but Taiwan-specific extrapolation VSZ-to-VS30 procedures discussed in Kuo et
al. [2012] were used in Taiwan by Kwok et al. [2018].
5.3

PROXY-BASED ESTIMATION OF VS30

A substantial effort was made to develop region-specific, proxy-based VS30 prediction models for
application to key NGA-Sub regions for which VS profile data was accessible. This differs from
the NGA-West2 project for which proxy-based VS30 prediction models from prior literature were
generally used, with some exceptions; see Seyhan et al. [2014]. The region-specific prediction
models used in NGA-Sub are:


Pacific Northwest: Ahdi et al. [2017(a)];



Alaska: Ahdi et al. [2017(b)];



Taiwan: Kwok et al. [2018];



Chile: Contreras et al. [2018];



New Zealand: Kaiser et al. [2016; 2017]; and



Japan: Not previously published and presented below.

Following a review of methods used for VS30 prediction in Section 5.3.1, Section 5.3.2 describes
a general framework for development and application of models that reflects regional data
availability and associated uncertainties. Region-specific models are then briefly summarized for
NGA-Sub applications that are published elsewhere and described (in more detail) for regions
where proxy-based models were not previously developed (i.e., Central America and Mexico,
and South America, excepting Chile).
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5.3.1 Methods used for Proxy-Based VS30 Prediction

Proxy-based models can be categorized in different manners. One is on the basis of region of
applicability, with global models distinguished from local models. Global models require two
attributes: (1) the proxy itself must be globally available and (2) the predictive model of VS30
given the proxy should be based on a geographically diverse dataset. Based on this definition, the
principle global model is that of Wald and Allen [2007] and Allen and Wald [2009], which uses
the proxy of topographic slope gradient at 30 arc-sec resolution and collections of VS30
measurements from California, Italy, and Taiwan (the model for active tectonic regions) and
Australia and Tennessee (the model for stable continental regions). The same digital elevation
model (DEM) used for topographic slope can also be used to define geomorphic terrain classes
on the basis of slope gradient and metrics of convexity and texture (e.g., Iwahashi and Pike
[2007] and Iwahashi et al. [2018]). Hence, while a global model is possible using these
approaches, to date the applications have been local, specifically California [Yong et al. 2012;
Yong [2016], Greece [Stewart et al. 2014], Taiwan [Kwok et al. 2018], and Cascadia [Ahdi et al.
2017a]. Different resolutions of DEMs can also be used [Allen and Wald [2009] and Stewart et
al. [2014], but these different resolutions may result in biased slope estimates for a given location
based on canopy effects due to vegetation or presence of buildings at higher DEM resolutions
[Stewart et al. 2014].
Local models are applicable to a particular domain, typically defined on the basis of
political boundaries or changes in the predominant crustal structure. For a given domain, a
second level of categorization concerns the type of proxies considered. These include surface
geology, geotechnical descriptors, slope gradient, geomorphic terrain class, elevation, and
hybrids of more than one proxy. Table 5.3 summarizes some existing VS30-prediction
relationships, including the region of applicability and the proxies used. Several recent models
use a combination of surface geology and ground slope, an approach introduced by Wills and
Gutierrez [2008] and advanced by Thompson and Wald [2012], Thompson et al. [2014], and
Parker et al. [2017], among others. The Thompson et al. [2014] study, later updated by
Thompson [2018], begins with a geology-slope approach and then computes residuals between
VS30 data at profile locations and the model, which are then mapped using a Kriging approach.
For application to the USGS ShakeMap product, VS30 estimates are provided by combining the
model prediction with location-specific residuals. The Japan Engineering Geomorphologic
Classification Map (JEGM) provides an effective category-based proxy that reflects geological
and morphological conditions; means and standard deviations of VS30 are provided by category,
which is similar to the terrain-based methods. The other method listed in Table 5.3 is based on
geotechnical descriptors [Chiou and Youngs 2008] and applied in California. This approach was
not used in the present work.
5.3.2 Proposed VS30 Prediction Framework

For large, global projects like NGA-Sub, there is a need to estimate the site parameter VS30 for
regions with highly variable levels of data availability and quality. Some regions, like California,
Taiwan, and Japan, have relatively extensive VS data and map resources (geology, etc.) that
provide relevant proxies at high resolution. Other regions largely lack VS profile data and may or
may not have reliable maps for proxies other than global 30 arc-sec DEM maps (e.g., SRTM30,
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and Farr and Kobrick [2000]). Project requirements dictate that values of VS30 are needed for all
sites, so a framework is needed to provide this, along with appurtenant uncertainties.
The framework described here distinguishes between variability and uncertainty.
Variability here refers to the standard deviation representing the dispersion of VS30 data relative
to a mean estimate for a given set of predictor variables and is denoted as ( ln V ) . Uncertainty
here refers to lack of knowledge of the appropriate value of statistical moments (mean and
standard deviation), also known as epistemic uncertainty, and is denoted as ( ep ) . Emphasis is
placed on epistemic uncertainty in mean estimates.
(a) Approach I: Good quality VS data and proxy maps

Regions for which Approach I applies have ample VS profile data and geological map resources
that allow relevant proxies to be mapped at high spatial resolution. The development of
appropriate VS30-prediction models for such regions begins by assembling a VS PDB. Preferably,
this VS data is of high quality, dense spatial resolution, and spans a wide array of geological and
geomorphological environments. In most recent models, the primary proxy that is considered is
surface geology, which should be presented at high resolution (ideally 1:50,000 or larger scale).
Larger map scales provide more confidence of mapping accuracy with respect to the geological
units present at a site of interest. Morphological information such as topographic gradient and/or
elevation is often combined with mapped geologic category.
Judgment is used to group categories from various geological maps of different scales
and potentially from different authors or institutions. Next, VS30 moments are computed for each
category, usually under the assumption of a log-normal distribution. The aleatory uncertainty is
taken as category standard deviation ( ln V ) , the mean is the category mean in natural log units.
By convention, the exponent of that mean is denoted ( ln V ) in units of m/sec. Where justified by
the data, the mean within a category may be dependent on slope and possibly elevation. VS30
moments are developed in a like manner for multiple groups, which taken together constitute a
proxy-based VS30 prediction model. In some cases, additional factors, such as influence of basins
or prior glaciation on VS30 (e.g., Parker et al. [2017] and Ahdi et al. [2017(a)]), can be
investigated using residuals analyses to find particular groupings that improve the model’s
predictive power.
Epistemic uncertainties in mean estimates developed for Approach I can be represented
by the standard errors, which decreases as standard deviation decreases and the number of data
points used to compute moments increases. This uncertainty is generally small and is not
reported.
For NGA-Sub, region-specific proxies developed in this manner were prepared for the
Pacific Northwest [Ahdi et al. 2017(a)] and Taiwan [Kwok et al. 2018]. A prior model meeting
this general description was updated for Japan. A proxy-based model conditioned on terrain
categories instead of geology was developed for Chile [Contreras et al. 2018].
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Table 5.3

Literature summary for proxy-based methods for VS30 estimation.

Proxies considered

Region

Parameterization
(category/equation)

No. of
groups

References

Description/notes

Surface geology

California
Beijing

Categories,
Equations

19
4

Wills and Clahan [2006]
Xie et al. [2016]

Xie et al. [2016]: Bilinear model with two
equations covering 4 surface geological units.

Topographic gradient

Global

Categories

8

Wald and Allen [2007]
Allen and Wald [2009]

Slope gradient computed from 30 arc-sec (~1 km)
resolution grid spacing from SRTM.

Terrain categories

California
Greece,
Taiwan,
PNW

Categories

16

Geotechnical
Descriptors

California
Japan

Categories

5

Iwahashi and Pike [2007]
Yong et al. [2012]
Yong [2016]
Stewart et al. [2014]
Kwok et al. [2018]
Ahdi et al. [2017(a, b)]
Chiou and Youngs [2008]
Seyhan et al. [2014]
Matsuoka et al. [2006]
Matsuoka and Wakamatsu
[2008]
Wakamatsu and Matsuoka
[2013]

Surface morphology categorized by slope
gradient, local convexity, and surface texture.
SRTM DEM at 30 arc-sec grid spacing.
rd

Geotechnical site categories, from Geomatrix 3
letter scheme.

National geomorphic/geologic maps digitized at
7.5 arc-sec. VS30 predicted from JEGM category,
slope gradient, elevation, and distance from
mountain/hill.

Geomorphic/geologic
maps

Japan

Categories

22

Hybrid: geology and
topographic gradient

California
CENA
Greece,
PNW,
Alaska

Categories,
Equations

15
14
5

Wills et al. [2015]
Parker et al. [2017]
Stewart et al. [2014]
Ahdi et al. [2017(a,b)]

Geologic units from various maps grouped into
categories based on descriptions of lithology/
depositional environment. For certain groups,
slope-depended regression equations presented.

Hybrid: geotechnical
and elevation

Taiwan

Categories,
Equations

5

Chiou and Youngs [2008]
Ancheta et al. [2013]

Grouped by GMX 3rd letter geotechnical
descriptors combined with station elevation within
each GMX category.

Hybrid: surface
geology, slope,
elevation

Taiwan

Categories,
Equations

3

Ahdi et al. [2017(b)]
Kwok et al. [2018]

Surface geology classified using 1:50,000-scale
maps (otherwise 1:250,000). SRTM DEM at 30
arc-sec grid spacing for gradient.
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(b) Approach II: Limited VS data, good quality maps

Approach II is applicable to regions where some VS profile data is available, but the amount of
information is not adequate to develop models for geologic categories in the manner described
for Approach I. These regions generally have good-quality geologic maps, as with Approach I
regions.
The concept behind this approach is to apply a proxy-based VS30 prediction model for a
source (Approach I) region to a target (Approach II) region, and then to assess the applicability
using residuals analysis. This allows variations between geologic categories, established from the
data-rich source region, to be applied to the target region. If residuals analyses reveal bias, this
bias should be removed by adjusting the source model for application to the target region.
The geologic categories used for the target region should be appropriate for the regional
geologic conditions (e.g., accounting for local features such as glacial or volcanic deposits). A
source region with categories appropriate for comparison to the target must be selected carefully.
Prior to NGA-Sub, the primary example of Approach II was the use of a California geologybased model [Wills and Clahan 2006] for alluvial sites in Italy [Scasserra et al. 2009]. Approach
II was used in NGA-Sub for some geology groups in Alaska, with the PNW taken as the source
region (described in Ahdi et al. [2017(b)].
Aleatory uncertainties for Approach II are generally taken from the source region.
Epistemic uncertainties can be estimated from the standard error of the bias computed during
validation.
(c) Approach III: VS data absent or of low quality, variable access to geologic maps

Approach III is applied when little to no measured VS/VS30 data is available for a region or for a
specific geologic group of interest within a region. Approach III can also apply when data is
available, but it is judged to be unreliable. These regions may or may not have reliable geologic
maps. If geologic maps are available, region-specific geological groups are identified as in
Approaches I and II. VS30 moments for similar groups are then assigned from other (source)
regions. This is similar to Approach II, but without the validation step. If geologic maps are not
available, global slope or terrain class models may be applied. This approach is not preferred if
geologic maps are available because several studies have found stronger predictive power from
geology-based proxies or hybrid geology-slope proxies [Seyhan et al. 2014; Ahdi et al. 2017(a);
and Parker et al. [2017].
Approach III involves larger epistemic uncertainty than other approaches. To estimate
this uncertainty, lnV values are assembled from Approach I studies for California [Wills et al.
2015], Taiwan [Kwok et al. 2018], Greece [Stewart et al. 2014], the Pacific Northwest [Ahdi et
al. 2017(a)], and CENA [Parker et al. 2017]; see Table 5.4. The standard deviations of the
natural logs of these means provide an estimate of epistemic uncertainty. These standard
deviations are estimated separately for Holocene sediments (principally alluvium), Pleistocene
sediments (principally older alluvium and terrace deposits), and Tertiary-aged sedimentary
bedrock materials. As shown in Table 5.4, the epistemic uncertainty ( ep ) in each case is
approximately 0.2 in natural log units. Accordingly,  ep  0.2 is assigned as the epistemic
uncertainty.
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Examples where Approach III was implemented in NGA-Sub include geology groups in
Alaska that had little to no measured VS30 data [Ahdi et al. 2017(b)] and geomorphic terrain
classifications per Iwahashi and Pike [2007] for Central America, Mexico, and South America,
excepting Chile.
Table 5.4

Computation of average epistemic uncertainty for similar VS30 geological
age groups across multiple study regions.
Mean (ln) VS30 values across regions (m/sec)

Group moments

Age
PNW

CENA

CA

Greece

Taiwan

μlnV (m/sec)

( ep )

H

277

210

278

327

320

279

0.158

Pl

458

271

362

471

508

404

0.229

T

455

351

405

456

702

460

0.232

Note: H = Holocene, Pl = Pleistocene, T = Tertiary

5.3.3 Application of Existing Regional Proxy-Based VS30 Prediction Models

Over the five-year duration of the NGA-Sub project, regional proxy-based VS30 prediction
models were developed for the Pacific Northwest, Alaska, Taiwan, New Zealand, and Chile.
Those models are published elsewhere. In this section, those models are briefly reviewed, and
comments are provided regarding their application to NGA-Sub sites.
(a) Pacific Northwest

The Pacific Northwest (Cascadia) model is presented in Ahdi et al. [2017(a)], and formally
encompasses northern California, Oregon, Washington, and southwestern British Columbia. The
VS profile dataset gathered in Cascadia allowed for development of 18 well-populated surficial
geology categories based on geologic map units largely at 1:24,000 to 1:100,000 scale, providing
a high level of resolution in geologic units, encompassing a range of alluvial and glaciationrelated sedimentary depositional environments, and three types of rock (sedimentary, igneous,
and metamorphic). As such, this is an Approach I model.
Six of the 18 groups were found to exhibit correlation between VS30 and topographic
slope, which is captured using a power-law model. A geomorphic terrain proxy-based model,
following the 16 classes prescribed by Iwahashi and Pike [2007] (later updated by Iwahashi et al.
[2018]) was also developed with 13 of 16 classes having well-populated groups (greater than 3
data points).
An electronic supplement to Ahdi et al. [2017(a)] contains VS30 assignments and
supporting metadata for Cascadia sites. In a few cases, sites missing from that supplement have
assignments added in to the Site table using the procedures described in Ahdi et al. [2017(a)].
Sites that recorded Cascadia events but are located in California have VS30 assignments from the
Wills et al. [2015] VS30 prediction model, which is based on surficial geology and three slope
bins for alluvial categories (254 sites). For 314 sites located in the intermountain west of the
U.S., an Approach III framework was utilized whereby the terrain classification-based VS30
prediction model from Yong [2016] was used to assign mean and standard deviation VS30 values,
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with an epistemic uncertainty assigned ( ep  0.2) . Sites that recorded Cascadia events that are
located in CENA have VS30 assignments from the Parker et al. [2017] prediction model.
(b) Alaska

The VS30 prediction model for Alaska was developed in coordination with model development
for Cascadia. The model is described in Ahdi et al. [2017(b)]. The VS profile dataset in Alaska is
limited in number, and the measurements that are available are clustered in relatively few areas
(Anchorage, Fairbanks, Seward, Valdez, and areas considered in post-earthquake reconnaissance
following the 2002 Denali event). For much of Alaska, large-scale geologic maps are not
available, which necessitated the use of very small-scale regional maps (e.g., the statewide map
of 1:584,000, see Wilson et al. [2015]).
As a result, much of the Alaska-specific regional model was developed following
Approach II, but with some geological groups utilizing Approaches I and III as well. Comparing
the 18 geological groups from Cascadia to the site conditions in Alaska resulted in an
implementation of five different categories of proxy attribution. Approach I was used for one
group (alluvium), which had enough Alaska-specific VS30 measurements. A combination of
Approaches I and II was used for three groups (lacustrine, alluvial fan, and loess deposits) that
had similar data populations in Alaska and Cascadia without appreciable inter-region bias.
Approach II was used for two groups (artificial fill and glacigenic sediments) where bias was
checked against Cascadia group moments and was found to be negligible. Approach III was used
for other groups that were underpopulated with respect to Alaskan data or had site conditions not
present in the Cascadia proxy framework (e.g., tectonic mélange). The source region used to
assign moments to Alaska was generally Cascadia, although California [Wills et al. 2015] was
used for the tidal-flat and mélange groups.
Metadata and VS30 assignments for Alaska sites were not presented in Ahdi et al.
[2017(b)], but they are provided in the Site table based on the protocols presented in that paper.
(c) Chile

Chile is among the most seismically active countries in the world and has contributed
substantially to the worldwide subduction event inventory (Chapter 4 of this report). The density
of recording stations was relatively low up through the time of the 2010 M8.8 Maule earthquake,
with the available networks primarily being operated by two academic departments in the
University of Chile. Since that time, the number of strong-motion stations has increased
significantly [Leyton et al. 2018], as has the amount of seismic site characterization performed at
stations and for engineering projects.
As part of NGA-Sub, a profile database was assembled for Chile, drawing heavily upon
university and industry contacts. Contreras et al. [2018] describes the VS dataset (492 VS30
measurements) developed for Chile. To date, geologic maps have not been accessed to provide
surface geology metadata. As a result, geomorphic terrain classes (based on Iwahashi and Pike
[2007]) were used as the proxy for VS30 prediction. All but two of the 16 categories were well
populated with profile data. In three cases, terrain classes of similar description were grouped.
Aside from terrain class, the model considers regional effects caused by differences in climate in
the arid north and more fertile regions to the south. The model is presented in Contreras et al.
[2018] and was applied here for metadata and site class assignments in the Site table. Future

127

work for Chile entails development of a hybrid geology/slope VS30 model, once suitable geology
maps are accessed.
(d) New Zealand

As noted in Section 5.2.1, Kaiser et al. [2016; 2017] assembled site metadata for strong-motion
stations in New Zealand. Each site has an assigned value of VS30 along with an indicator of Q1,
Q2, or Q3. These indicators qualitatively describe the quality and uncertainty of the site
parameters, as follows:


Q1 (assigned to 29/412 [7%] of New Zealand sites in the Site table) indicates “wellconstrained measurements of VS30 from non-invasive surface-wave methods or borehole
Seismic Cone Penetrometer Testing (SCPT).”



Q2 (33 sites) is defined as being one or more of the following: (1) “estimates based on
partly constrained near-surface VS structure (i.e., well-constrained to depths less than 30
m)”; (2) “estimates from known local strata and VS approximated using established
correlations”; or (3) “well-constrained measurements at nearby geologically similar
sites.” This description makes it difficult to determine on a site-specific basis which Q2
sites are measurement- or proxy-based.



Q3 (350 sites) is defined as one or both of the following: (1) “Estimates from broad-scale
national VS30 maps” or (2) “estimates at sites with poor constraints.” Sites with Q2 and
Q3 estimates of VS30 are considered to be based on Approach I, given the local attributes
of the estimates.

VS30 values provided by Kaiser et al. [2016] are adopted for NGA-Sub without
modification. For Q1 sites, an aleatory variability is assigned that is appropriate for VS30 as
established from a VS profile, which is ( ln V  0.1) [Seyhan et al. 2014]. For Q2 sites,  lnV is
assigned as 0.25, which is a typical value for VS30 uncertainty as derived from profiles developed
using geotechnical data [Kwak et al. 2015]. For Q3 sites,  lnV is assigned as 0.4, which is a
typical value for VS30 uncertainty as derived from surface geology proxies (e.g., Figure 13 of
Ahdi et al. [2017(a)]).
Researchers in New Zealand developed a VS30 map of the entire country based on
geological and topographic constraints, similar to work done by Thompson et al. [2014] in
California. They used Bayesian inferencing to condition statistical groups based on a priori
group moments obtained from the Cascadia hybrid geology/slope proxy model, and updated
posterior distributions based on added New Zealand VS30 data [Foster et al. 2019].
(e) Taiwan

Kwok et al. [2018] assembled a VS profile database from site data on the CWB website and used
this data to develop a Taiwan-specific VS30 prediction model conditioned on geological age
categories in combination with slope and elevation. The geological categories were derived using
large-scale maps (1:50,000). A terrain classification proxy (based on the classes identified by
Iwahashi and Pike [2007]) was also developed, with 15 of 16 classes being well-populated with
measured VS30 data. These models are best described as Approach I. An electronic supplement to
Kwok et al. [2018] provides VS30 assignments and supporting metadata; this information was
transferred to the Site table.
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5.3.4 Previously
P
Unpublish
hed Proxy-Based VS300 Assignm
ments
This secttion describees VS30 assig
gnments for NGA-Sub
N
siites in regionns where preevious prediiction
models are
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d from their published form.
fo
In the case of Japaan, two prevvious Approoach I
models are
a adapted for use in NGA-Sub.
N
For
F the rem
maining regioons [CAM; SAM (exceepting
Chile), western
w
Canaada, and the Alaska
A
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handle], Appproach III meethods were applied.
(a) Japan
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In Japan,, VS profiless were comp
piled from sttrong-motionn recording sites withinn the K-NET
T and
KIK-NET
T networks (Aoi et al. [2004]; http
p://www.kyosshin.bosai.ggo.jp) and thhe PARI nettwork
(Ichii et al.
a [1999]; http://www.eq
h
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m In the K-N
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K-NET and P
PARI,
typical profile
p
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hs are 100–2
200 m and < 200 m, resspectively. IIf geotechniccal investigaations
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PT or CPT)) at a site are availablle but geopphysical invvestigations are not, m
models
correlatin
ng VS with penetration
p
resistance an
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mate VS [Kw
wak et
al. 2015]. This metho
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d to 42 of thee PARI sites .
Each
E
of the 1667 sites in the proffile databasee were assiigned one oof the 16 teerrain
categoriees from the Iwahashi
I
and
d Pike [2007
7] classificattion schemee. As was doone for Califfornia
initially by
b Yong et al. [2012] and
a then upd
dated by Yoong [2016], category m
moments lnVV and
 lnV werre computedd using the Japanese dataa. Figure 5.55 shows the Japan categgory means aalong
with 95%
% confidencee intervals and
a means frrom Yong [22016]. Dataa for categorries 2, 10, annd 14
are too few
f
to comp
pute reliable statistics (≤
≤ 4 observattions). For thhose categorries, results from
Yong [20
016] were adopted
a
as in
ndicated in Figure
F
5.5. F
For all otheer categories, Japan mom
ments
were useed. Based on
n this rationaale, recommeended momeents for eachh category arre given in T
Table
5.5.

Figure
e 5.5

Comp
parison of VS330 means forr Iwahashi an
nd Pike [2007
7] terrain classes for Jap
pan
and California [Yo
ong 2016]. Cla
asses 2, 10, and 14 are p
poorly populated in the
Japan
n dataset, and
d the values written in th
he figure from
m California are used forr
applic
cation in Japa
an.

129

Table 5.5

Moments for Iwahashi and Pike [2007] (IP07) terrain classes for
application in Japan. Moments adopted from California are shown in
parenthesis.

IP07 Terrain
Class

N

μlnV
(m/sec)

σlnV

μlnV of
Y16
(m/sec)

σlnV of
Y16

1

205

498

0.411

519

0.38

2 (CA)

4

(586)

(0.16)

586

0.16

3

212

416.8

0.456

517

0.38

4

29

374.6

0.415

568

0.46

5

120

422.8

0.43

425

0.37

6

6

381.6

0.16

448

0.14

7

245

354.9

0.479

429

0.38

8

16

301.4

0.27

382

0.32

9

46

286.4

0.421

353

0.16

10 (CA)

0

(348)

(0.09)

348

0.09

11

98

267.6

0.412

392

0.48

12

12

300.2

0.355

281

0.20

13

22

290.5

0.513

NA

NA

14 (CA)

2

(236)

(0.14)

236

0.14

15

83

223.3

0.365

460

0.52

16

40

186.1

0.309

225

0.20

The other proxy that was considered was introduced by Matsuoka et al. [2006] for
categories within the “Japan Engineering Geomorphologic Classification Map” (JEGM). The
JEGM utilizes geomorphology, surface geology, slope angle, and relative relief to classify
locations into geomorphologic units. The empirical correlations are based on shear-wave velocity
profiles from 1937 sites (this is a different dataset than that compiled for NGA-Sub).
Subsequently, new categories were added, with the list as of 2013 provided in Table 5.6 (from
Wakamatsu and Matsuoka [2013]; three categories that do not have stations in NGA-Sub have
been omitted). Also shown in the table are: (1) category means and standard deviations as
provided by Matsuoka et al. [2006]; and (2) the minimum, maximum, and median of the mapped
VS30 values for the category, which differ from the Matsuoka et al. [2006] category mean due to
varying morphological influences within the categories (from changes in slope angle and relative
relief). Categories 1–4 correspond approximately to rock conditions, 5–7 are transitional
categories, and categories of 8 and above represent various soil conditions. Matsuoka et al.
[2006] provide intra-category regressions against elevation for categories 8–13, against slope for
categories 3, 5, and 8–11, and against distance from hills for categories 8, 10, 13, 15, and 18–19.
We used JEGM maps and associated values of VS30 at 7.5 arc-sec grid-size resolution by
Wakamatsu and Matsuoka [2013]. No modifications to these VS30 values were applied.
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Because two models (using different proxies) have been developed for prediction of the
natural log mean and standard deviation of VS30, a weighted combination of the two estimates is
needed. An approach that has the objective of minimizing the standard deviation of the estimate
of VS30 that results from the combination of the two proxies was applied; see Kwok et al. [2018]
for the mathematical formulation. This approach was originally developed as part of NGA-Sub
for VS30 assignments in Japan by the fifth author. The weights applied to the two proxies depend
on the standard deviation of residuals for the respective categories used in each proxy ( ln V ) and
the degree of correlation between proxies. Using the Japan PDB compiled for NGA-Sub, the
standard deviations for the dataset as a whole are 0.44 for the prediction model based on terrain
categories, and 0.30 for the JEGM-based model; however, different combinations of categories
between proxies can lead to more similar dispersions. For example, JEGM category 3 (Hill) has
( ln V  0.40) and is shared for some sites with terrain class 15 ( ln V  0.37) .
The correlation coefficient is calculated using normalized residuals:

i 

ln VS 30   lnVi

 lnVi

(5.3)

where index i refers to model 1 (terrain) or 2 (JEGM), and ln(VS30) is a measured value from the
profile database. Figure 5.6(a) shows that the two sets of residuals are relatively weakly
correlated with ( 12  0.68) for the dataset taken as a whole. This correlation coefficient is used
for all category combinations. Based on this correlation coefficient and the respective  lnV
values, the JEGM model typically receives higher weights. For example, the combination of
category 15 for both JEGM and terrain provides  ln V  0.25 and 0.37, respectively, which gives
a weight of essentially unity to JEGM with a combined standard deviation of 0.25. On the other
hand, for sites with JEGM category 3 and terrain class 15, the weights are 0.35 (JEGM) and 0.65
(terrain). Each combination of categories in the application of the two models receives a unique
set of weights.
Additional prediction models based on other proxies were considered for use in Japan,
including a geotechnical classification scheme by Chiou and Youngs [2008] as updated in
Seyhan et al. [2014], and topographic slope in Wald and Allen [2007] and Allen and Wald
[2009]. The geotechnical scheme was not used because category assignments are subjective, and
because the dispersion ( ln V ) is larger than that for the conceptually-similar JEGM approach.
Topographic slope was not used because of strong correlation with the terrain-based approach
(   0.87) , which is shown in Figure 5.6(b).
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Table 5.6

JEGM site categories, within-category moments from Matsuoka et al. [2006],
(“Mea06”), and attributes of mapped VS30 within categories from Wakamatsu
and Matsuoka [2013].

Cat.

Description

μlnV (m/sec)
(Mea06)

σlnV
(Mea06)

Max. VS30
(m/sec)

Med. VS30
(m/sec)

Min. VS30
(m/sec)

1

Mountain

707.5

0.295

775.5

708.4

641.3

2

Mountain footslope

400

0.212

400.3

400.3

400.3

3

Hill

428

0.403

526.1

408.3

294.7

4

Volcano

509

0.373

510.4

510.4

510.4

5

Volcano footslope

302

0.23

361.3

294.5

226.9

6

Volcanic hill

405

0.136

405.6

405.6

405.6

7

Rocky strath terrace

351

0.216

351.4

351.4

351.4

8

Gravelly terrace

418

0.281

589.2

466.6

252.9

9

Terrace covered with volcanic
ash soils

269

0.265

418.5

270.5

197.4

10

Valley bottom lowland

345

0.364

544.2

394.5

191.5

11

Alluvial fan

323

0.267

436.2

337.5

253.1

12

Natural levee

198

0.286

267.1

201

185.2

13

Back marsh

160

0.267

192.9

166.55

140.6

14

Abandoned river channel

183

0.21

183.8

183.8

183.8

15

Delta and coastal lowland

171

0.246

207.5

168.15

141.6

16

Marine sand and gravel bars

258

0.262

260.2

260.2

260.2

17

Sand dune

194

0.283

194.5

194.5

194.5

18

Lowland between coastal
dunes and/or bars

NA

NA

NA

NA

NA

19

Reclaimed land

182

0.283

236.3

173

149.9

20

Filled land

NA

0.276

253.3

188.3

152.6

21

Rocky shore, rock reef

NA

NA

429.1

429.1

429.1
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(a)

Figure 5.6

(b)

Correlations
C
of
o residuals from proxy-b
based VS30 estimates usiing data from
m
Ja
apan: (a) mo
odest correla
ation using J EGM and terrrain proxies
s; and (b)
sttrong correla
ation using terraint
and s
slope-based proxies.

(b) Centrral and South
h America, excepting
e
Chile

As discu
ussed in Secttion 5.2, VS profile data is limited inn Central annd South Am
merican counntries
for which
h ground motions
m
have been record
ded from Coocos and Naazca subducction zone eevents
[excludin
ng Chile, seee Section 5.3
3.3(c)]. This applies to M
Mexico, all oof Central Am
merica, and all of
South Am
merica, exceepting Chile.
There
T
was limited accesss to geolog
gic maps forr these regioons. A seriees of small--scale
(1:250,00
00) maps of Mexico from
fr
the Serrvicio Geolóógico Mexiicano were identified [SGM
2017]. Geologic
G
map
ps for other regions
r
in Ceentral and Soouth Americca (exceptingg Chile) werre not
accessiblle. As a resu
ult, Approacch III was ap
pplied to theese regions using the Iw
wahashi andd Pike
[2007] teerrain catego
ories as the proxy. The selected soource region for the moddel is Califoornia,
using cattegory momeents from Yo
ong [2016]. An epistemiic uncertaintty of  ep  00.2 was assiggned.
(c) Western Canada and
a Alaska Panhandle
P

Some staations, particcularly in th
he majority of British C
Columbia, thhe Yukon T
Territory, annd the
Alaska Panhandle
P
(seeven sites, south of 60°N
N latitude), rrecorded eveents in both the Cascadia and
Alaska subduction zones
z
but weere beyond the geograpphic extent oof applicabiility of eitheer the
PNW- orr Alaska-speecific VS30 prediction
p
models.
m
The line of latitude at 55°N
N as depictted in
Figure 5..7 (white line) is used to divide thesee stations byy region (Alaaska to the nnorth, Cascaddia to
the south
h). Hence, a regional flag
g for western
n Canada annd the Alaskka panhandlee is not preseent in
the Site table. Proced
dures used to
o assign site parameters iin these areaas are given hhere.
The
T region en
ncompassing
g western Canada
C
and tthe Alaskan Panhandle was dividedd into
different tectonic reg
gimes based
d on the bed
drock geologgical map shhown in Figgure 5.8. A tthrust
fault marrks the easteern edge of deformation
d
in the Canaadian Cordillera that waas associatedd with
the Laraaimde Orogeny of the Late Cretaaceous period, east off which lies the relatiivelyundeform
med Canadiaan Shield geeographic prrovince. VS300 is assignedd to all stations southweest of
this thrusst fault with a geometricc mean of th
he CAS andd ALK modeels for groupps where thee VS30
momentss differ; otheerwise, the CAS
C
VS30 mo
oments are a ssigned. An epistemic uuncertainty iss also
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applied ( ep  0.2) . Sites northeeast of this fault
f
lie in tthe Canadiann Shield, annd we assignn VS30
momentss from the model
m
develop
ped for CEN
NA by Parke r et al. [20177].

Figure 5.7

Map
M of station
ns in North America
A
thatt have record
ded Alaska e
events
(p
purple icons)) and Cascad
dia events (rred icons), diivided by the
e 55°N
parallel (white
e line).

Figure 5.8

Bedrock
B
geological map of
o terranes c
comprising th
he Canadian
n Cordillera
in
n western Ca
anada and Allaska. A thru
ust fault (thic
ck black line)) marks the
“e
eastern limitt of Cordillera
an deformat ion”; the Canadian Shielld lies east
of this fault. Figure
F
modified from Collpron and Ne
elson [2011].
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VS30 ASSIGNMENTS

5.4

As described in preceding sections, assignments of VS30 can be made using a wide range of
methods with variable levels of associated variability and uncertainty, depending on the
availability of VS measurements and locally-calibrated proxy-based VS30 prediction models. For
each site in the NGA-Sub Site table, a preferred median VS30 ( ln V ) and an associated variability
( ln V ) were assigned. In cases where mean estimates carry large epistemic uncertainty, a
standard deviation on the mean ( ep ) was also assigned. The process by which these
assignments are made is shown in Table 5.7 (the codes are given in the site database file).
Table 5.7

Protocol used in NGA-Sub for assignment of preferred VS30 and related parameters.

Code
0

Description
VS30 computed using profile with zp ≥ 30 m. Standard deviation taken as  ln V  0.1 . Epistemic
uncertainty on mean not assigned.
Profile is available but maximum VS profile depth zp < 30 m. VS30 is estimated using an extrapolation
relationship, preferably with region-specific regression coefficients, e.g. those in Kwak et al. [2017] for

1

each region, for use with the method described in Dai et al. [2013].  ln V   e  0.1 . Values of  e
2

2

given in Kwak et al. [2017].
1.5

Estimate VS profile from standard penetration test blow counts and local correlations between VS and
penetration resistance/effective stress (this correlation is only used in Japan; Kwak et al. [2015]). VS30
computed from estimated profile:  ln V  0.25 .

2

No profile available. Mean VS30 estimated using region-specific models based on geology or hybrid
geology-morphology proxies. This code applied in PNW, portions of Alaska and Canada, Japan,
Taiwan, and New Zealand.  lnV assigned based on category statistics.

3

No profile available. VS30 and its variability are estimated using region-specific models based on
geomorphic terrain categories [Iwahashi and Pike 2007]. This code used in Chile, Japan, and California
(for Cascadia events).  lnV assigned based on category statistics.

4

No profile available. Mean VS30 estimated using models developed for source region other than the
target region. Source region models can be based on geology, hybrid geology-terrain proxies, or
geomorphic terrain categories. This code applied in portions of Alaska, Central and South America
(excepting Chile), and western Canada and the Alaska Panhandle.  lnV assigned based on source

 

region category statistics. Epistemic uncertainties  ep

5.5

assigned.

BASIN-DEPTH TERMS

5.5.1 Overview

Basin depth terms as used in GMMs are defined as vertical distances from the ground surface to
the first occurrence of a particular VS horizon. These depths are used to provide a first-order
representation of basin geometry in alluvial or sedimentary basin environments. Commonly used
basin depths are z1.0. and z2.5, which are depths to the VS = 1.0 km/sec and 2.5 km/sec velocity
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horizons, respectively, and were used in four of the five NGA-West2 GMMs [Gregor et al.
2014].
Depth parameters are assigned to a site in the Site table from a measured in situ VS profile
that meets or exceeds the specified velocity horizon or, when such profiles are not available,
from a 3D seismic velocity model for a particular region. An exception is New Zealand, where
Kaiser et al. [2016; 2017] provide depth term z1.0 from profiles where available, and otherwise
estimate z1.0 using various methods unrelated to a 3D seismic velocity models (resolution
indicated by quality flags Q1–Q3). Table 5.8 summarizes the number of sites assigned basin
depth terms in the NGA-Sub Site table from both of these assignment protocols. A significant
portion of sites (2350/6433, i.e., 39%) do not have an assignment of a basin depth term. Such
terms are not compiled in Alaska and Central America, and Mexico. Only three sites have this
parameter assigned in South America.
Table 5.8

Summary of basin depth terms included in NGA-Sub Site table for various
regions. “Estimated” depths are from 3D models, with exception of New
Zealand.
z1.0

z2.5

Region

Total #
sites

Cascadia

1126

15

15

NA

458

1

457

Japan

2283

2,228

609

1619

2,021

113

1908

New Zealand

412

412

29

383

0

0

NA

South America

942

3

3

NA

0

0

NA

Taiwan

849

802

0

802

NA

NA

NA

Assigned Measured Estimated Assigned Measured Estimated

5.5.2 Cascadia 3D Velocity Models

The USGS has developed a 3D seismic velocity model for the PNW, which was first presented
by Stephenson [2007] and recently updated by Stephenson et al. [2017]. The model was
developed to support seismic hazard studies and ground-motion simulations. The model
encompasses a region from approximately 40.2°N to 50°N latitude, and from about 122°W to
129°W longitude, and 0–60 km depth.
As described by Stephenson [2007], the backbone of the velocity model is a geologic
model encompassing six units, as shown in Figure 5.9:







continental sedimentary basins (a combination of Quaternary and Tertiary
basin units);
continental crust;
continental mantle;
oceanic sediments;
oceanic crust; and
oceanic mantle.
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Some dettails of the geologic
g
stru
ucture related
d to the Seatttle fault are included in the 2017 uppdate.
The struccture of sedim
mentary bassins is describ
bed separateely for Quateernary and T
Tertiary basinns.
The
T lateral lim
mits of Quatternary basin
ns (all of whhich are in thhe Puget low
wlands) are bbased
on a sm
moothed reprresentation of
o the Quatternary–Terttiary contacct from the Schuster [22005]
surface geologic
g
maaps for Wasshington staate (1:500,0000-scale), T
The lateral liimits of Terrtiary
basins in
n the Puget lowlands arre based on the VP = 44.5 km/sec iisocontour ffrom the Seismic
Hazards Investigatio
ons in the Pu
uget Sound (SHIPS) [B
Brocher et all. 2001] andd P-wave seismic
phy [Ramacchandran et al. 2006]. The
T 4.5 km//sec 3D isossurface was projected tto the
tomograp
ground surface
s
to deefine the bassin boundary
y. The Portlland area haas only Tertiiary basins iin the
USGS model,
m
and th
he boundariees of these basins
b
are baased on deptth to bedrocck constraineed by
well dataa intersectin
ng the boun
ndary of cry
ystalline rockks under Teertiary sedim
mentary depposits
[Yeats ett al. 1996; Gannett and Caldwell
C
199
98].
The
T thicknesss of Quatern
nary basins is constraineed from borrehole and sseismic refraaction
data. Bassins with Qu
uaternary sed
dimentary co
over less thaan 30 m in tthickness arre not includded in
the model, such as for the Po
ortland and Tualatin baasins or the Willamettee Valley. W
Within
Quaternaary basins, a uniform VP profile is used
u
with vvalues of 15000, 1905, annd 1980 m/ssec at
depths off 0, 200, and
d 1000 m, respectively. VS is derivedd from the VP profile usiing a VP / VS ratio
of 2.5, with
w some excceptions at depths
d
beyon
nd 150 m. Veelocity limitts within Quaaternary units are
600 m/seec (minimum
m) and 900 m/sec
m
(maxim
mum).

Figure 5.9

Three-dimens
sional repres
sentation of C
Cascadia geology as use
ed in
ve
elocity mode
el of Stephen
nson [2007] a
and Stephen
nson et al. [2017]
(s
source: Step
phenson et all. [2017]).
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The
T thicknesss of Tertiary
y basins is tak
ken as the 4..5 km/sec VP
P contour ass derived froom oil
industry borehole daata in the Pug
get Lowland
ds [Ramachaandran et al. 2006] and ffrom well daata in
the Portland area [Y
Yeats et al. 1996; Ganneett and Caldw
well 1998]. VP profiles within the P
Puget
lowland basins
b
was derived
d
from
m tomograph
hic studies [R
Ramachandraan et al. 20006]. Variations on
this process were useed for otherr basins, inclluding the W
Willamette V
Valley, wherre VS is evaluuated
using a constant VP / VS ratio of 2.
2
Within
W
these 3D velocity
y models, thee 1.0 km/secc VS horizonn occurs withhin Quaternaary or
Tertiary basins strucctures, but itt is not con
nsidered to bbe particularrly meaninggful or usefuul for
ground-m
motion modeeling. Ratheer, the 2.5 km
m/sec VS hoorizon is preeferred in thhis region, w
which
does not occur within
n these basin
ns but will typically
t
occcur at or neaar the base oof basins of eeither
p.
age group
As
A shown in
n Figure 5.9
9, surroundin
ng and undderlying bassins in the 33D model iis the
continenttal crust unitt. Seismic veelocity structture in this uunit in the Puuget Lowlannd region is bbased
on VP as derived from SHIPS to
omographic data [Ramacchandran et al. 2006]. F
For the remaainder
of the mo
odel, seismic velocities are based on
n VS derivedd from tomoographic dataa from Moscchetti
et al. [20
007]. VP and
d VS are relaated to each other in booth tomograpphic datasetss using emppirical
relationsh
hips from Brrocher [2005
5].
Within
W
the Cascadia region, only 15 sites had a m
measured z11.0 from a VS profile andd only
one site had a measured z2.5 fro
om a profilee; see Table 5.8. Accorddingly, almoost all depthhs for
Cascadiaa are based on
o the USGS
S model. Step
phenson [20016] providedd z2.5 values at strong-m
motion
sites locaated within Quaternary
y and Tertiaary basins. O
Outside of tthese basin structures, basin
depths arre unassigned.

Figure 5.10

Basin
B
depths (z2.5) from Stephenson e
et al. [2017] a
as a function
n of VS30 for
va
arious basin
n structures in
i the Casca
adia region.
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Figure 5.10 shows
s
z2.5 vaalues at stro
ong-motion ssites in the C
Cascadia reggion. Figuree 5.11
utlines of thee basins for which depth
hs are availaable. Relatioonships betw
ween VS30 annd z2.5
shows ou
for the Cascadia
C
regiion as a who
ole are descriibed elsewheere; see Chap
apter 5 of Parrker et al. [22020].
There aree strong diffferences in depths
d
within
n specific baasin structurres. The Seaattle basin haas the
largest depths. Portlaand has a veery consisten
nt distributioon of depthss between abbout 1.5–2.00 km.
The Eveerett basin is
i much shaallower than
n the Seattlle basin, ass is the Georgia basin near
Vancouv
ver. The City
y of Seattle and the USG
GS adopted an updated outline for the Seattle B
Basin
after the present stud
dy had been completed;
c
we
w show theeir outline inn Figure 5.111 to comparee with
the one used
u
in NGA
A-Sub.

Figure 5.11

Basin
B
edge ou
utlines used in the definiition of regio
onal basin se
edimentdepth effects for the Paciffic Northwes
st region of tthe U.S. Basiin outlines
amachandra
modified
m
from
m McPhee et al. [2014], Ra
an et al. [2006
6], and Lowe
e
ett al. [2003]. Dashed
D
line indicates
i
Sea
attle basin o
outline subse
equently
adopted by th
he USGS and
d City of Seatttle [Wirth ett al. 2018].

5.5.3 Taiwan
T
3D Velocity
V
Model
M
Seismic velocity
v
models of the Western
W
Plaiin and Taipeei Basin of T
Taiwan havee been develloped
by the Taiwan
T
Natio
onal Center for Researcch in Earthqquake Enginneering (NC
CREE). A T
Taipei
basin mo
odel is preseented by Lin
n et al. [2014
4] and a Weestern Plain basin modeel is presenteed by
Kuo et al.
a [2016]. Most
M
of the Taiwanese
T
sites
s
in the SSite table (994%) have bbeen assigneed z1.0
from mod
dels presenteed in these studies.
s
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Figure 5.12 shows
s
the lo
ocation of the
t Taipei bbasin, whichh can be ideentified baseed on
n. For Taipeii, recordingss of local ev
vents at grouund-motion instruments were interppreted
elevation
using thee receiver function
fu
metthod (i.e., peaks
p
in H/V
V spectral rratios used tto infer deppth to
velocity contrasts).
c
The
T observations were ussed in an invversion proceedure to idenntify depths in an
assumed six-layer prrofile. The PP and S-wav
ve velocitiess of the layeers were fixeed to avoid ttradeoffs betw
ween the velo
ocity and lay
yer thicknesss. The resultt is a six-layer, spatially variable vellocity
model.
s
the lim
mits of the Western
W
Plaiin. In this reegion, passivve circular aarrays
Figure 5.13 shows
were useed to record
d surface waaves along with
w H/V sppectra from microtremoors. A frequeencywavenum
mber approacch was used with the cirrcular array ddata to provvide frequenccy-phase vellocity
dispersio
on curves. These
T
curvess were jointlly inverted w
with the H/V
/V spectra too estimate sshearwave velocity structture at measurement lo
ocations. Theese results were combiined to form
m the
seismic velocity
v
mod
del.
The
T Taipei and Western Plains velo
ocity modelss were queriied by C.-K
K. Kuo [20177] for
Taiwan strong-motio
s
on sites. Theese results were
w
added too the Site taable for use in NGA-Subb and
are being
g used in a Taiwan
T
seism
mic hazard stu
udy [NCREE
E 2017].

Figure 5.12

Map showing
s
Taip
pei basin, as identified fro
om topograp
phy (source: Lin et al. [20
014]).
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Figure 5.13

Map show
wing Westerrn Plain in Ta
aiwan (sourc
ce: Kuo et al.. [2016]).

5.5.4 Japan 3D Velocity
V
Mo
odel
For Japaan, the NIED
D seismic velocity
v
model was utiilized. The bbasin model was develloped
through a combinattion of deep boreholess, reflectionn and refracction surveyys, micro-trremor
surveys, and gravity surveys [Fu
ujiwara et all. 2009; 20112]. Tomogrraphy was ussed to verifyy and
refine thee basin struccture. The model
m
coverss depths for x = 0.35 to 3.0 km/sec. The basin ddepth
lookups from the NIED
N
model were perfo
ormed by thhe fifth authhor using fiiles accessibble at
http://ww
ww.j-shis.bossai.go.jp/en//. Figure 5.14
4 shows deppth distributtions in Japaan based on these
models. The
T same Jaapan basin model
m
was used in NGA-W
West2 [Ancheta et al. 20013].
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Figure 5.14

Spatial
S
distrib
butions of the z1.0 and z2.55 basin depth
h parameters
s in Japan
based on NIED models (so
ource: Anch
heta et al. [20
013]).
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